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The effect of ionizing radiation on materials surfaces is of major interest for many 
engineering applications. The importance of this topic rises from the severity of the 
implications that a surface at a certain application might suffer due its interaction with 
some sort of ionizing radiation. The severity of implication is not always related to the 
severity of the radiation, in many applications the concern comes from the over-
sensitivity of the surface to a low doses of radiations. One example of these sensitive 
applications is the extreme ultraviolet (EUV) induced surface contaminations of the 
optics in EUV lithography devices. In this application, a small dose of ionizing radiation 
(EUV at 13.5 nm wavelength) can cause slight change in the chemical composition of the 
irradiated surface. This change in chemical composition can cause large change in the 
surface optical properties of the irradiated surface (EUV optics). This degradation in 
reflectivity is an issue that needs to be avoided.  
On the other extreme where intense radiation is implemented, the main concern of 
the radiation-surface interaction comes from the severity of the irradiation process. The 





example where the materials might be exposed to severe irradiation processes. Under 
such extreme irradiation processes, some candidate PFC materials exhibit the formation 
of very fine and fragile nanostructure (Fuzz) that can be washed out into the fusion 
device plasma and stop the fusion reaction. These two extreme examples of the radiation-
surface interaction were selected to be my PhD research topic.  
The change in chemical properties of Ru surface during exposure to a 13.5 nm 
wavelength of EUV light radiation was investigated. This study shows a real time 
tracking to the early stages of the EUV induced carbon contamination process. In another 
similar study, The changes of chemical composition of Ru mirror surface during 100 eV 
electron bombardments have been studied using XPS. The reason behind coupling these 
two studies is due to the fact that the mechanism by which the EUV radiation can alter 
the chemical composition of the mirror surface is between two main mechanisms; 
photons dissociation and secondary electrons dissociation processes.  
Although the results obtained by these two studies were useful to understand the 
mechanisms in which the surface composition can be altered during the EUV exposure, 
many vital details about the gradual transformation of the adsorbed hydrocarbon 
molecules to carbon rich solid contaminant layer are not well understood. These 
important information was hidden beneath the photoelectron signal interference between 
the Ru 3d lines and the C 1s line. For this reason we also extensively studied this 
transformation during the EUV irradiation by changing the target materials to Au. Due to 
this reason, the changes in surface properties of Au surface in a high vacuum atmosphere 





One of the most important finding we observed during the last three studies is that, 
the adsorption process is at the very early stage of the EUV induced contamination 
process. Therefore, the rate of adsorption on the irradiated surface always govern the rate 
of the entire contamination process. In attempt to understand the impact of the low 
energy electron irradiation on the kinetics of the adsorption process, we also investigated 
the impact of 100 eV electron beam on the physisorption of hydrocarbons and water 
molecules on Au surfaces.  
After this study we moved to the second part of the selected research topic which 
was investigating the surface morphology evolution of the W surface exposed to high 
flux of He ion irradiation. Our first investigation was an attempt to understand the basic 
parameters under which this interesting phenomenon of fuzz formation occurs. For this 
reason, a series of pure W samples were irradiated by high fluxes of low energy He+ ions 
of high doses at 900oC. The phenomenon of He ions induced fuzz formation was the most 
prominent observation that has been noticed in most of the irradiation cases. Several 
attempts have been made to understand this phenomenon by varying many irradiation 
parameters such as irradiation dose, ions flux, and the energy of incident He ions. We 
also studied the effect of carbon contaminations on the He induced surface morphology 






CHAPTER 1.  INTRODUCTION 
1.1   Interactions of radiation with materials 
Materials degradation during interaction with ionizing radiation is one of the major 
concerns in the nuclear research and energy field. For many nuclear applications, 
structural material tolerance to radiation is the most important factor that determines the 
useful and safe lifetime of the parts that exposed to a certain flux of radiation. Radiation 
interacts with matter in many different ways, which can be determined by the nature of 
the radiation, i.e., whether the radiation is consisting of energetic photons (x-ray, γ-ray), 
energetic light charged particles (electron, β-, β+), neutrons (fast, thermal), or charged 
particles (ions, α, fission fragment). For example, Photons interact with mater through 
three main scenarios, Compton scattering, photoelectric, and pair production, taking any 
of these scenarios most of the photon energy will be transferred eventually to electrons, 
which in turn can cause temperature rise due to electron-electron interaction and some 
possible mechanical damage due to electron-nucleus interaction especially when the 
energy of the electron is high enough to cause atomic displacement. One of the scenarios 
where structural materials are subjected to high doses of γ-ray is the nuclear reactor. High 
dose of γ radiation emitted from reactor core can cause excessive heat to the reactor 





The immediate consequences of irradiating materials by fast neutrons that interact 
directly with nuclei causing atomic displacements cascade are the formation of point 
defects pairs (self-interstitials, and vacancies). The vast majority of these point defects 
are short lived, where each vacancy and self-interstitial can annihilate each other to form 
a normal lattice atom. The small fraction of these defects that do not undergo annihilation 
process, diffuse in the lattice causing changes in mechanical properties. Material under 
fast neutrons radiation has a much higher concentration of point defects compared to un-
irradiated materials at the same temperature. Hence, the first consequence of the 
irradiation process is the radiation enhanced diffusion processes. A higher diffusion 
coefficient at low temperature can promote substantial changes to the material 
microstructure. For example, materials exposed to fast neutrons radiation can exhibit 
creep failure at a temperature much lower than conventional mechanical creep 
temperature, which is caused by the diffusion stimulated recovery and recrystallization 
processes. 
The diffusion of the point defects preferentially to specific locations in the lattice can 
also cause significant microstructural changes in materials. Considering the migration of 
the radiation-generated vacancies for example, leads to the formation of self-organized 
lattice voids, and dislocation loops that is responsible for causing severe modification of 
the mechanical properties as a result of swelling for example. The radiation-induced 
changes in mechanical properties include hardening, embrittlement, and ductile-to-brittle 
transition temperature (DBTT) increase. Also transmutation due to neutrons capture can 






Energetic charged particles such as α and fission fragments interact with both lattice 
electrons and nuclei and therefore, both heat and atomic displacement are expected 
during their interaction with matter1.  The range of these energetic ions in materials is 
much shorter than the range of neutrons, and hence most of the damage caused by these 
radiation is expected to be near the surface1. This also means all of the radiation energy 
will be deposited directly near the surface, therefore, sputtering and evaporation can be 
significant. Bubbles and blistering are other important radiation-materials interaction 
aspects that have to be taking into account when the radiation is consisting of energetic 
ions of low-Z gaseous species such as Hydrogen isotopes and He. Implanted low-Z 
gaseous atoms tend to defuse in the lattice and preferably accumulate in the large two- 
and three-dimensional materials defects such as grain boundaries and voids causing these 
defects to swell and grow in size1. 
Out of many radiation-materials interaction applications, two cases were selected due 
to their current relevance, which are going to be briefly introduced in the following two 
sections: The interaction of extreme ultraviolet (EUV) radiation with the EUV reflectors 
in the EUV lithography (EUVL) devices and the case of He plasma induced surface 
morphology evolution of W and W/C mixed surfaces in future fusion reactors.       
 
1.2   EUV lithography 
In this application a direct interaction between low energy ionizing radiation and 
surfaces in the presence of hydrocarbons leads to unfavorable surface contamination 





13.5 nm wavelength (92 eV) has been utilized to pattern Si wafer target in a process 
called photochemical lithography. Traditionally, a much longer wavelength has been used 
for this photochemical or optical lithography3. Nowadays optical lithography is being 
used widely in manufacturing the computer chips in mass production manner. The most 
important advantage of the optical lithography is that the huge number of submicron 
sized features that can be produced on the surface of Si wafer in a short period of time. 
The size of produced feature is very important factor that determines the maximum 
number of transistors in a computer chip. Reduction of the features size (i.e., increasing 
the number of transistors per unit area) was the favorable choice for improving the 
specifications of the computer chips from one generation to another4. The EUVL is 
currently being considered which allows for further reduction in feature size even beyond 
the limits of current optical lithography technology3, 4. 
The use of EUV radiation in lithography techniques imposes the use of special optics 
to minimize the losses of the EUV power due to absorption, these optics have to exhibit 
an excellent reflectivity of the EUV photons. In fact, for the course of their entire 
lifetime, only a few percentages of reduction in reflectivity are allowed for the EUV 
optics in the EUVL device3. This extreme requirement requires a very clean optics 
environment such as high vacuum condition with minimum contamination. The 
presences of traces of residual hydrocarbons in any high vacuum atmosphere combined 
with the effect of EUV radiation as an ionizing radiation represent the exact recipe for the 
unfavorable processes of EUV induced carbon contamination for any surfaces exposed to 
these conditions.Carbon contamination in EUV mirrors is caused by the role of EUV to 





on the mirror surface during the EUV irradiation2. These dissociation processes lead 
eventually to the formation of amorphous graphite like carbon layer that reduce the EUV 
reflectivity of the mirrors2, 5. Many mitigation and cleaning techniques had been studied 
and suggested by several groups around the world, some of these techniques includes the 
leaking of oxidants such as H2O, O2, or O3 into the EUVL mirrors chamber, some others 
suggest the use of small doses of low energy hydrogen or oxygen bombardment for 
cleaning5-7.  
As will be discussed in chapters 3 and 4, we have performed a series of experiments, 
in which real time monitoring of surface carbon contamination level of Ru samples 
exposed to 13.5nm EUV radiation and 100 eV electrons was performed. The goal of 
performing these experiments was to achieve complete understanding of the 
contamination processes and determine the most important factors that govern such 
contamination. Although these experiments allowed us to monitor the accumulation of 
carbon and water on the Ru mirror surface, very important details about the chemical 
state of accumulated carbon was still hidden because of the C1s-Ru3d photoelectric 
spectral lines overlapping. Another experiment using Au sample (chapter 5) was 
performed; the results obtained revealed the hidden vital details and allowed us to 
understand the nature and the dynamics of carbon contamination and water dissociation 
on the irradiated surface. The significance of the hydrocarbon adsorption on the kinetics 
of the carbon accumulation processes has been studied and discussed in chapter 6. 
Actually, in this chapter we bridged the gap in literature about the role of adsorption 
process as a very important link in the entire EUV induced surface contamination chain. 





and therefor, controlling the adsorption process is a good tactic to mitigate the carbon 
contamination phenomenon. In this experiment we have noticed the role of secondary 
electrons in accelerating the physisorption process of water and hydrocarbons molecules; 
also one possible mitigation technique had been suggested.                      
 
1.3   Fusion reactor 
Developing nuclear fusion power for generation of electrical power is still the most 
ambitious plan ever that the humanity dreams about. In fact, solving the puzzle of such 
complicated and challenging task will transform the human civilization into another age, 
i.e., “age of energy generation”. In reality, such achievement will solely advance the 
human civilization similar to the discovery of the fire or even the invention of writing. 
Achieving successful fusion power extraction could be more important than “having the 
sun on the earth” as some peoples would like to call it. Instead, I would like to call it 
“transforming the earth into working sun”. In a theoretical point of view, achieving a 
successful and self-sustainable hydrogen fusion power generation on earth will also 
change the definition of our planet into something else. So far, all of the energy resources 
we have on earth as well as on any other planets are forms of stored energy, and they 
were actually generated somewhere else. All the fossil fuels are basically a form of solar 
energy that have been stored in a form of reactive carbon rich molecules through a 
photosynthesis process, all of the wind, tide, geothermal and water hydraulic are solar 
energy stored in different forms. Nuclear fission energy is also a stored energy that has 





through a nucleosynthesis process. The fusion power is the only exception; it is “real 
energy generation”, and it is plentiful, cheap, and possibly clean, however it is also 
challenging to achieve.  
Fundamentally, fusion reaction occurs when two light nuclides smashed into each 
other to create heavier nucleus with a mass that is slightly less than the sum of the masses 
of the reactants, this mass difference appears as a kinetic energy of the products8. The 
most basic fusion reaction occurs in the cores of stars is the fusion of two protons to 
create one deuterium (D) nucleus and one positron (β+) and one neutrino plus ~1.2 MeV 
of energy, the D in turn can react with another D or proton to form α particle or He-3 
respectively, both of these two reactions are also exothermic and produce considerable 
energy8. These reaction can be continued multiple times to create all of the known 
elements.                   
In the core of the stars, a huge gravitational forces act to bring the positively charged 
nuclides very close to each other in such way that the strong nuclear forces of attraction 
exceed the electrostatic repulsion and allowing the fusion to occur8, this process called 
gravitational confinement. The energy of the electrostatic repulsive barrier of fusion is so 
huge, for example, the barrier for deuteron-triton fusion is about 370 keV8, that means, 
for fusion to occur, the total kinetic energy of both of the D, T nuclides has to exceed 370 
keV in a head-on collision process. Apart from the huge gravitational forces, the required 
kinetic energy of the reacting nuclides can be achieved by heating them to a relevant 





Out of some, two confinement methods had been figured out, by which a feasible 
extraction of thermal energy from thermonuclear reaction could be possible8. These two 
techniques are the inertial confinement fusion (ICF) and the magnetic confinement fusion 
(MCF)8. Regardless of how successful the confinement process can be achieved, both 
suggested confinement process has to be contained in a closed atmosphere guarded by a 
durable structure. In both techniques, the major challenge is to find the right materials 
that can tolerate a huge dose of heat and mechanical damage at the atomic level without 
showing any significant erosion or failure.  In addition, any change in mechanical and 
physical properties has to be minimized (durability).  
Other factors also need to be considered in selecting future fusion reactor materials, 
for example, in MCF device, the reacting nuclides have to be confined in a form of 
plasma at a very high temperature (108 K) by strong magnetic fields. Longer confinement 
time at elevated temperature means higher probability for the nuclides to undergo fusion 
reaction, which in turn add more heat to the confined plasma and compensate the heat 
loses. In fact, keeping the plasma temperature at a fusion relevant temperature is a very 
fragile process and strongly affected by the radiative heat losses. The presence of high-Z 
element within the confined plasma can significantly promote the radiative heat loses and 
that in turn can quench the plasma and interrupt the whole confinement process8. For this 
reason, the use of low boiling temperature high Z materials in MCF’s plasma facing 
components (PFC) has to be avoided. 
Most of the current existing nuclear fusion issues in MCF are related to materials. 





physical properties of the PFC are the greatest concerns in future thermonuclear reactors. 
The lifetime of PFC is a very important factor, under these extreme conditions PFC has to 
exhibit reasonably long lifetime to minimize cost of thermonuclear reactor operation. 
Considering the plasma instabilities and the loss of confinement scenarios in addition to 
the harsh condition that the PFCs are exposed to in the normal thermonuclear reactor 
operation makes the mission of finding such materials nearly impossible. 
In our conquest to address some of the issues that the PFC might be suffering during 
the normal and the up-normal operations of the future fusion devices, we studied the 
surface morphology evolution of W during He irradiation in a conditions that is relevant to 
a fusion device environment. We also studied the effect of carbon impurities that can be 
mixed with the He plasma on the W surface morphology evolution during He plasma 











CHAPTER 2. EXPERIMENTAL SETUP 
2.1  Introduction 
The experimental work of this series of studies has been performed at the IMPACT 
Lab of the Center of Materials Under eXtreme Environment (CMUXE) at Purdue 
University. The IMPACT is a surface science laboratory that is equipped with most 
essential surface irradiation and diagnostics techniques. In IMPACT we have a network 
of 3 ultra-high vacuum (UHV) chambers which are connected with each other by gate 
valves and an in-situ sample manipulation system, which allow the sample of interest to 
be transferred to all chambers without breaking the vacuum condition. Number of devices 
is attached to the system creating a unique function for each chamber and allowing a safe 
sample processing. The first chamber called “IMPACT senior” is specialized for material 
deposition and it has its own capability for sputter cleaning and sputtering yield 
measurements, the components of the IMPACT senior chamber includes vacuum and 
sample manipulation equipment, an electron beam evaporator (for deposition), an Ion 
sputter gun, a quartz crystal microbalance (QCM) sputtering sensor and residual gas 
analyzer. The second chamber is attached directly to the “senior” and called “IMPACT 
junior”. IMPACT junior is specialized for high flux ion bombardment, EUV irradiation, 
grazing angle EUV reflectivity, extreme ultraviolet photoelectron spectroscopy (EUPS), 





profiling) and sputtering yield measurement. The components of IMPACT junior 
chamber include high flux low energy ion source (KRI KDC-10 TM), dual quartz Chrystal 
microbalance (InficonTM), 13.5 nm EUV source (PhoenixTM), EUV photo-diodes (PD), 
electrostatic energy hemispherical analyzer (SPECS PhoibosTM 100), and residual gas 
analyzer. IMPACT junior has an efficient 900 l/s magnetically levitated turbo-molecular 
pump that allow a chamber base pressure ~5x10-10. This efficient vacuum system allows 
us to retrieve a UHV condition from medium vacuum condition (during high flux ion 
irradiation) within few minutes. Attached to the junior chamber is the “IMPACT II” 
chamber, which specialized in high-resolution surface diagnostic tools such as XPS, 
AES, and UPS. The components attached to the IMPACT II chamber are X-ray source, 
UV source, electron gun, hemispherical electrostatic analyzers (SPHERA IITM) and 
residual gas analyzer. A diagram of the IMPACT UHV system and its attached 
equipment are presented schematically in figure 2.1. The next sections of this chapter will 
be devoted to present a more in depth technical information about the key equipment that 
have been used intensively in generating the experimental data reported in this 






Figure 2.1. Schematic diagram of the IMPACT-UHV system with its major components. 
    
2.2   IMPACT’s surface processing and irradiation equipment 
2.2.1   Ion sputter guns NTI (1401 & 1402) 
NTI 1401and 1402 are low energy focused ion beam sources. The working principle 
of both of the guns is based on electron impact ionization, the electron are emitted from 
W filament acting as cathode and accelerated toward an anode screen. Ionization is 
occurred in the electron path through a direct collision with atoms or molecules of the 
source gas that leaked into the ionization chamber. Various inert as well as some reactive 





generated in the ionization chamber can be extracted, accelerated, and condensed 
according to the required energy and finally focused through an octopole ion lens to give 
the desired spot size at the sample surface. The generated ion beam can be rastered on the 
sample surface; this property makes both of the ion guns favorable for sample sputter 
cleaning. The guns are both differentially pumped through small capacity turbo-
molecular pumps, which are important to keep good vacuum condition during the use of 
the guns (~5x10-9 torr). 
The NTI 1401and 1402 are capable of producing a singly charged ion beam with 
energy that can be selected from (100 eV to 5 keV) and (~50 eV to 3keV) respectively. 
For both of the guns, ion beam current is proportional to the ion beam energy; hence a 
poor ion beam current can be obtained when selecting low energy. The 1402 ion gun is 
more efficient in producing higher current at lower ions energy compared to the 1401. A 
maximum current of ~1µA can be achieved for 1keV Ar+ beam. The major disadvantage 
of these ion guns is the beam current degradation over a long period of time, which 
makes the use of these guns impractical for large bombardment doses. 
 
2.2.2   High flux broad beam ion source (Tectra Gen II) 
Tectra ion gun provides low energy unfocused ion beam with a maximum ion 
current density of ~1 mA/cm2. The working principle of this ion source is based on a 
microwave ionization of gaseous molecules that leaked into the plasma chamber where a 
stable plasma can be confined and condense by the aid of magnetic quadrupole situated 





resonance motion under the influence of the 2.45GHz microwave field which enhance the 
ionization process and help to stabilize the plasma.  
Dual molybdenum grids are situated at the open end of the plasma chamber and used 
to extract and accelerate the singly charged ions into the vacuum chamber. As a result a 
broad ion beam with energy that can be varied from 100 eV to 2 keV is generated. The 
obtained ion beam has a current density that is proportional to the selected acceleration 
voltage; a very poor ion beam is the result of selecting below 100 eV ions. Figure 2.2 
shows a typical ion beam profiles of Ar+ and He+ at different parameters. As can be seen 
clearly in Fig 2.2, the ion beam current density (ion flux) is proportional to the atomic 
number of the selected gaseous species; also the extractor voltage has a role in 
broadening the ion beam. 
The pressure of the gas leaked into the ion gun has to be optimized to achieve stable 
ion emission. During gun operation with Ar gas, the vacuum chamber pressure has to 
increase to 3x10-4 torr, on the other hand, much higher vacuum chamber pressure has to 
be maintained when selecting He or H gases. The major disadvantage of this ion source is 
the beam spot size at the working distance, as shown clearly in Fig 2.2. The measured 
beam spot size is larger than 100 mm at 17 cm working distance. Due to the high ion 







Figure 2.2. “Tectra Gen II” Ion beam profile for, (a) He ions at different ions 
energies and (b) for 500eV Ar+ ions at various extractor voltage 
 
2.2.3   KRI-KDC-10 ion source. 
KDC-10 is a high flux ion source that provides a low energy (up to 1.2 keV) slightly 
focused ion beam. The source with a maximum ion current density of ~1 mA/cm2. The 
working principle of this ion source is based a simple discharge produced plasma 
generated between cathode (hot W filament) and Anode (cup-like W body). The 
generated plasma is contained inside the anode that also serve as the plasma chamber. 
Then, the generated plasma pushed out by a permanent magnet placed outside the plasma 
chamber. The outward flowing Ions are extracted and accelerated by a dual graphite grids 
placed at the end of the source’s plasma chamber. This gun is capable of producing a 
focused profile high flux ion beam. In a steady state mode, the maximum ion beam flux 
current density at the beam center can reach 20 mA/cm2 with a total ion beam current of 
about 10 mA. Just like the most of other ion sources. The ion beam current in this ions 
source is highly dependent on the ion beam energy and the ion beam species. The higher 





































































the ions energy is the higher the beam current and vice versa. Also for the same ions 
energy Ar generally has a higher beam current value than He ion beam, while H has a 
beam current value that fall in between Ar and He ion beams. Figure 2.3-a shows a 
typical maximum beam current that can be obtained for some ion species in the source 
steady state mode. The typical corresponding power flux is presented in figure 2.3-b.   
 
Figure 2.3. The typical spatial profiles of ion beam flux and power density that can 
be obtained from the KDC-10 ion source for some frequently used ion beam species 
and ions energies. 
 
Also, this source can be run at higher fluxes in a time limited mode. Operating at this 
mode can give an ion beam with ion fluxes of about three times higher than the beam 
generated in the steady state mode. This high power output operation is time limited due 
to the overheating of the permanent magnet that can result in significant reduction of the 
ion beam flux. To avoid that the steady state operation is always marked by a maximum 
of 50W of heat generated in the plasma chamber. Below this value is steady state mode 
and above it is time limited. The plasma chamber power can be calculated by combining 





2.2.4   Electron gun (SPECS EQ-22) 
The SPECS EQ-22 electron gun is used to produce high current focused electron 
beam with an electron energy that can be selected from few electron volts up to 5 keV.  
The beam diameter can be focused to below 1 mm on the sample surface. The working 
principle of this gun is based on electron generation between cathode (hot filament with 
negative potential) and anode, the potential deference between the two electrodes can be 
set in accordance with the selected electrode energy. In between the cathode and the 
anode, an extraction lens has been set to maximize the number of electrons passing 
through the anode aperture. Next to the anode aperture, a set of Einzel lens electrodes 
focus the generated electron beam into the sample surface. A set of deflectors for the X 
and Y direction is placed in series next to the Einzel lens, which give a two dimensional 
freedom to control beam position on the sample surface. The basic use for this gun is an 
excitation source for the AES; also we have used this gun as an electron irradiation 
source to simulate the effect of high power EUV beam in inducing sample contamination 
(stated in chapters 4 and 6). The electron beam current density is in relation to the 
selected energy, lower current density electron beam can be resulted from selecting 
electrons energies lower than 100 eV.       
 
2.2.5   EUV source (Phoenix) 
This source is used to generate photons in the EUV range. Basically this source is an 
x-ray source which had been modified slightly to signify the EUV emission at around 
13.5 nm wavelength (92 eV). The EUV gun produces non-monochromatic beam with 





13.5 nm. The photon generation principle is based on the electron induced characteristic 
emission from solid, and that had been implemented by the interaction between high 
energy electron beam and Si target. The electron induced ionization or excitation of Si 
atom inner shells will be followed by a photon emission. The excitation of the Si L2,3 
shell is responsible for the generation the EUV photons at 13.5 nm wavelength. Along 
with this specific EUV emission, a higher energy emission line from the Si K shell 
(~1800 eV) is also expected which can be filtered out through a couple of grazing 
incidence reflections of the entire photons beam. For this purpose, toroidal Ru coated 
mirror was used to reflect the beam into the vacuum chamber. The use of the Ru as a 
mirror coat is to maximize the EUV reflectivity of the mirror at grazing incidence. The 
total beam EUV power reaching the target was estimated to be ~0.3 µW whereas the total 
power of the 13.5 nm photons with 2% band, width is estimated to be ~0.1 µW.  
During the operation of this EUV source, we noticed an electron emission reaching 
the target along with the EUV beam. We believe, these electrons could be emitted from 
the toroidal Ru mirror due to the interaction with EUV beam and the X-ray emission that 
also generated by the source as we discussed earlier. In fact we expect the X-ray to be 
mostly absorbed by the Ru mirror, which in turn can amplify the electron emission. The 
problem of the electron emission was overcome by placing a permanent magnet outside 
of the stainless steel flanged pipe that connect the EUV source to the vacuum chamber, 
the magnet is designed to deflect the electrons away from the EUV beam. The result of 
electron-free EUV beam was verified by observing the EUV photoelectron spectra of Ru 





2.3   IMPACT surface characterization and diagnostic systems 
Our facility has various surface characterization techniques; most of them were 
placed in the “IMPACT II” UHV chamber. In the few next paragraphs we summarize 
some of the techniques that was used or going to be used in generating the data of this 
series of investigations.      
2.3.1   X-ray photoelectron spectroscopy (XPS) 
The XPS is based on observing the photoelectron spectrum emitted by a surface that 
excited by an external high energy photon source (X-ray source). In principle, the 
photoelectron is emitted from the surface due to a direct interaction between the X-ray 
photon and the target atom. Each photoelectron will be having a kinetic energy that is 
equal to the X-ray photon energy minus the electron binding energy (KE = hν - BE), so 
that each element has a unique photoelectron spectrum when exited by monochromatic 
X-ray source. In our system we use (SPECS XR-50) X-ray source as an excitation source 
and (Omicron SPHERA II) as electron energy analyzer. Originally, our XPS was situated 
in the IMPACT junior chamber where the (PHOIBOS 100) electrostatic energy analyzer 
was used. All of the XPS data presented in chapters (3-6) were generated in the IMPACT 
junior chamber.       
Our XR-50 source is a dual Anode X-ray source, which gives the choice of selecting 
Mg Kα1/2 or Al Kα1/2 radiation lines for surface excitation. The working principle of this 
source is based on electron induced characteristic emission from solid, where an electron 
beam is accelerated from cathode (hot filament) to a selected anode (Mg or Al). Beside 





Bremsstrahlung radiation and auger electrons are also expected. All of these unwanted 
radiations are filtered out using 50µm Al filter.  The acceleration voltage of the electrons 
can be varied for controlling the emission power. The X-ray spot size on the sample 
surface is estimated to be around 2 cm at ~3cm working sample-source distance. 
The SPHERA II hemispherical electrostatic energy analyzer is used to detect and analyze 
the photoelectrons spectrum emitted from the sample surface. This analyzer is equipped 
with ARGUS multichannel electron detector that contains 128 separate detecting 
channels, which gives additional detection functions. Also this analyzer equipped with an 
entrance deflection lens system which allow producing XPS image (XPSI) of the sample 
surface. A typical XPS spectra of Ag sample was generated by our XPS system is 





Figure 2.4. Typical XPS spectrum of non-sputter-cleaned Ag sample, scanned by our 
XPS system 
 
2.3.2   Auger electrons spectroscopy (AES) 
Similar to XPS, each element has a unique characteristic emission of auger electrons 
when excited by external excitation source. Auger electrons produced when a lightly 
bonded electron in an atom ejected with certain kinetic energy after absorbing photons 
emitted from the same atoms due to a core level de-excitation process. In our system we 
use ~2 keV electron beam as an excitation source, which is generated by EQ-22 electron 
gun. The electrons emitted from the surface including auger electron is analyzed by our 
hemispherical electrostatic analyzer (SPHERA II).      
                                                

























2.3.3   Ultraviolet photoelectrons spectroscopy (UPS) 
This technique is exactly similar to the XPS, but with using a low energy photon 
excitation source. Actually, the X-ray source used in XPS is replaced by a He UV source 
(UVS-40A2), which emits photons that correspond to He-1 or He-2 radiation line at ~20 
eV and ~40eV respectively. The working principle of this UV source is based on a 
continuous discharge between two electrodes insulated by He gas at certain low pressure. 
The low discharge gas pressure has to be maintained in order to keep the discharge 
volume from occurring near to the cathode. As a result, the intensity of the He1 and He2 
lines can be preferably selected according to the discharge He gas pressure and the 
electrodes potential difference. This UV source is connected with two stages differential 
pumping that allow an operating pressure of the vacuum chamber to be kept as low as 
~10-9 torr. Since the excitation energy is very low compared to the XPS, the UPS is 
exclusively used for studying the atomic and molecular electronic structure near the 
valance band. Moreover, the elastic mean free path for the photoelectrons produced by 
the UV source is very short. Hence, the UPS is effective to study the atoms at the surface 











CHAPTER 3. PROBING TEMPORAL EVOLUTION OF EUV ASSISTED 
CONTAMINATION ON Ru MIRROR BY X-RAY PHOTOELECTRON 
SPECTROSCOPY 1 
EUV radiation mediated carbon contamination and oxidation of the Ru mirror 
surface, and the corresponding impact on reflectivity were studied. In particular, time 
dependent systematic decrease in EUV reflectivity with a 13.5 nm wavelength of light in 
high vacuum atmosphere was recorded and correlated with the change in chemical 
composition on the Ru surface as derived from in-situ XPS. The contamination on Ru 
surface is caused by residual impurities of the test chamber. The recorded XPS spectra 
show a sudden increase in carbon concentration in the first one hour followed by a slow 
but linear growth in the presence of EUV radiation. Further analyses show slight increase 
in Ru oxide, while the concentration of water molecules decreases continuously. 
Moreover, carbon monoxide level at the surface was stabilized after initial increase in 
concentration for an hour. The impact of water molecules and the accumulation of carbon 
atoms on the Ru surface are discussed in details.     
 
             
                                                          
1 This chapter was published in the journal of vacuum science and technology B under the following 
reference: A. Al-Ajlony, A. Kanjilal, M. Catalfano, M. Fields, S. S. Harilal and A. Hassanein, J. Vac. Sci. 





3.1   Introduction 
EUVL is currently the leading candidate method for the production of next 
generation electronic devices with feature sizes down to 22 nm3, 9. One of the advantages 
of this technique is the requirement of masks with feature sizes 4 to 5 times larger than 
that of the actual feature size of the products, while most other next generation 
lithography (NGL) processes require 1 membrane masks3. Although the development of 
the EUVL is advanced in wide steps during the last decade, many challenges still need to 
be overcome for commercial applications. Some of these challenges include the 
availability of reliable high power and clean EUV source, and the long lifetime of the 
optics and masks. The EUV light requires special reflective optics rather than lenses as 
used in traditional optical lithography10 due to high absorption of EUV photons when 
passing through any transparent materials and hence the entire system should be 
maintained in high vacuum condition. At present, 13.5 nm is selected as the wavelength 
of EUVL because of the existence of Mo/Si multi-layer mirror (MLM) which reflects 
13.5 nm with 2% bandwidth11.  
The proposed EUVL system uses several MLMs for collecting and transferring the 
13.5 nm light from plasma source to the mask and then to target wafer12. However, Mo/Si 
MLM shows a very poor chemical stability. Avoiding oxidation of the top Si layer under 
EUV exposure is vital for improving MLM’s lifetime, and usage of thin capping layer is 
suggested to overcome this issue10. Among different elements,13 Ru is considered one of 
the best capping materials to improve the lifetime of the Mo/Si multi-layer stack3, 9, 10 due 





contaminants, even in corrosive environments14. However thin Ru capping layer is also 
not free from contamination under EUV exposure, where the accumulation of free carbon 
atoms on Ru surfaces via dissociation of hydrocarbons2 and the oxidation of the near 
surface atomic layers of Ru eventually lead to the degradation of the EUV reflectivity2, 5, 
15. 
EUV induced carbon contamination is one of the basic problems that limits the 
lifetime of EUV optics to significantly lower than the industrial target of 30,000 hr. In 
previous studies, hydrocarbons have been injected into the test chamber from an external 
source for investigating carbon accumulation on the Ru mirror surface either during EUV 
exposure or by low energy electron bombardment5, 15, 16. Hard baking is not a feasible 
option for EUVL vacuum chamber from technological standpoints to avoid degradation 
of the EUV optics,17 especially the quality of the interfaces of Mo/Si MLMs. The heating 
of such MLMs can initiate inter-layer mixing, including the interface between the top Si 
and capping Ru layers, leading to the overall degradation in reflectivity18.  
In this investigation we studied the effect of EUV induced carbon contamination and 
oxidation of Ru mirror surfaces in a high vacuum atmosphere. The real-time 
contamination caused by native hydrocarbons in the chamber is studied using in-situ XPS 
and correlated with systematic decrease in EUV reflectivity (EUVR). The corresponding 
change in EUVR will further be addressed on the ground of the observed chemical 
behavior of the Ru mirror surfaces.    






3.2   Experimental details 
A 50 nm thick Ru layer deposited on a 4-inch p-type Si (100) wafer was initially 
diced into several pieces with an average area of 1  1 cm2. The samples were sputter 
cleaned by 2 keV Ar+ for 15 min (beam current of 590 nA) in a mildly baked Ultra High 
Vacuum (UHV) chamber (base pressure ~1.4×10-8 Torr) at the IMPACT facility19.. The 
XPS measurements were performed using an Al-Kα radiation source (h = 1486.6 eV) 
where photoelectrons emitted at 45o from the sample surface were analyzed with a 
PHOIBOS-100 hemispherical electron analyzer (energy resolution of 0.8 eV). Calibration 
of binding energy (BE) scale with respect to the measured kinetic energy was made using 
the silver Fermi edge. High-resolution XPS spectra of the Ru mirrors surface were 
systematically recorded at various stages in presence of EUV radiation (EUV-ON) and 
absence of EUV radiation (EUV-OFF) to follow the change in surface chemical 
properties. 
Grazing incidence EUVR of the Ru films has been investigated with the help of a 
Phoenix EUV source20 that emits light in the range of 12.5-15 nm with a peak at 13.5 
nm (92 eV), and two calibrated EUV photodiodes (PDs, International Radiation 
Detectors, Inc.). The estimated EUV total beam power reaching the sample surface is 
0.3 µW, while the total power of the photons with wavelength 13.5 nm (within 2 % 
bandwidth) 19 20 is 0.1 µW. The EUV beam spot size19 at the mirror surface was 







3.3   Results and discussion 
We performed XPS analysis for examining the surface properties of Ru surfaces 
during EUV exposure. Figure 3.1 exhibits the Ru 3d region before sputter cleaning, 
immediately after sputtering and after exposing the cleaned surface to EUV radiation for 
6 hr. Clearly, the line shape of the Ru 3d spin-orbit doublet has changed significantly 
after sputter cleaning, showing a dramatic increase of the Ru 3d5/2/Ru 3d3/2 peak intensity. 
Close inspection reveals a shift in peak maximum of the Ru 3d3/2 towards the higher BE 
region in pre-sputtered sample. Similar phenomenon has previously been observed by 
depositing carbon on Ru surface13 . It indicates C 1s (284.6 eV) 21 is dominating over the 
metallic Ru 3d3/2 (284.2 eV)
13,21, 22 in the pre-sputtered sample because of the 
accumulation of large amount of carbon. Although the spectral shape does not change 
much, the Ru 3d5/2/Ru 3d3/2 peak intensity ratio is, however, found to be decreased after 
exposing the sputter cleaned Ru surface to the EUV radiation for 6 hours compared to the 
one taken immediately after sputter cleaning (figure 3.1).  
Since the overlapping of the C 1s and Ru 3d peaks makes the fitting procedure 
complicated, therefore a fixed FWHM, peak positions, line shape and 3d5/2 to 3d3/2 
intensity ratio at ~1.5 21, all have been taken into accounts as peaks fitting constraints for 
analyzing XPS spectra and following the evolution of concentrations of the underlying 
components. From our analyses, we found that the Ru 3d5/2 for pure metal (Ru
0) and 
oxide phase of Ru (RuO2) are situated at 280.1 and 280.8 eV, respectively, while the Ru 
3d3/2 peak for Ru
0 and RuO2 are at 284.2 and 284.9 eV, respectively
13, 21,22. Here we have 






Figure 3.1. XPS spectra of Ru mirror Ru 3d/C1s region before sputter cleaning (a), 
after sputter cleaning or before EUV irradiation (b) and after EUV radiated for 6 
hours (c). XPS spectra were fitted with asymmetrical peaks. The fitting components 
for Ru0 peaking at 284.2 and 280.1 (dashed line), for RuO2 peaking at 284.9 and 
280.8 (dash-dot line), for C-C bonds situated at 284.6 (dotted line), for C-O situated 





The best fitting of the O 1s region can be obtained using three components (figure 
3.2) where the peaks at 533.2, 531.7 and 530.1 eV represent the chemical states of 
oxygen in water (H2O) molecules, hydroxyl (OH) radicals and in RuO2, respectively. 
Going back to figure 3.1 again, we found that the C 1s is situated at 284.6 eV21, while the 
peak at 286.5 eV is believed to be associated with the oxide phase of carbon (i.e. C-O on 
top site23). As can be seen (figure 3.1), these peaks can reproduce well the experimental 
data.  
 
Figure 3.2. XPS spectrum of Ru mirror O1s region right after sputtering. The fitting 
component for RuO2 peaking at 530.1 (dotted line), for OH- peaking at 531.7 
(dashed line), and for H2O peaking at 533.2 (dash-dot line) 
 

















In order to follow the chemical reaction dynamics on Ru surface due to the 
adsorption and/or dissociation of gaseous molecules under EUV exposure in a systematic 
way, we have carried out EUV reflectivity (EUVR) and XPS studies at both Ru 3d and O 
1s regions with a 15 min interval. Detailed XPS analyses show a sudden increase in H2O 
on the Ru mirror surface after sputter cleaning and starting of the EUV irradiation (figure 
3.3). It is important to note that the sputter cleaning process was stopped at the same 
moment when the EUV irradiation was started, and this moment is referred as ‘zero’ time 
of EUV exposure. As discerned, H2O concentration is increased by 60 % after ~30 min. 
We should mention here that the relative concentration signifies the ratio between the 
recorded data with EUV radiation time and the one just after sputter cleaning. During Ar+ 
bombardment water molecules are heavily dissociated into OH and H (H2O  OH + H), 
while two H atoms combine to form H2 molecule and desorbs from the Ru surface. At the 
same time, the concentration of OH radicals on Ru surface increases. Soon after sputter 
cleaning, not only the water molecules start adsorbing on the surface, but also the OH 
radicals start interacting between each other to form H2O and free O toms (2OH  H2O 
+ O)17. Hence, H2O concentration increases much faster than that of the decrease in OH. 
After 30 min, H2O concentration decreases slowly with increasing EUV dose without 
changing much in OH concentration. This observation clearly demonstrates that the 
dissociation of H2O takes place during EUV irradiation due to the interaction with 
secondary electrons (SEs) from the Ru surface17, 24, while the sub-product OH is almost 
constant because of the fast reaction between the OH radicals. As the emission of SEs 





H2O will also increase gradually at the same time, and as a consequence more and more 
water molecules will be dissociated, in accordance with our results (figure 3.3).  
Figure 3.3. Changes in relative line intensity of H2O (left axes) and OH- (right axes) 
with respect to EUV irradiation time. 
 
The free O atoms will react with both pure Ru atoms and deposited carbon on Ru surface, 
and will be discussed in the following.  
We found that during the first one hour of the experiment the carbon was increasing 
dramatically to about 22%. After this initial jump, carbon concentration was found to 
increase linearly with a rate of 3% per hour (figure 3.4). On the other hand, it was found 





































































that the Ru 3d5/2 peak intensity is reduced almost exponentially in the first one hour, 
followed by a linear trend in the remaining period as documented in figure 3.4. The rapid 
rise in carbon concentration in the first hour is most likely due to the dominance of direct 
adsorption of hydrocarbons over the accumulation of the carbon atoms alone via EUV 
induced dissociation of adsorbed hydrocarbons2, 17 on the Ru surface, whereas the slow 
but linear increase in carbon concentration is mainly associated with the accumulation of 
free carbon atoms on the Ru surface after attaining a steady state hydrocarbon coverage 
(will be justified by comparing the results without using EUV radiation in the following). 
In fact, it has been demonstrated previously that the carbon accumulation rate depends 
linearly on the dose in a steady state hydrocarbon coverage13, 15. Going back to the trend 
of the Ru 3d5/2, the decrease in intensity in the first one hour represents the adsorption of 
foreign species that include water molecules, hydrocarbons and other gaseous 
contaminants on Ru surface. The linear reduction of the Ru 3d5/2 peak intensity that starts 
approximately 60 min after of EUV irradiation is most likely associated with the 
deposition of free carbon atoms on the Ru surface via decomposition of hydrocarbons 
during EUV exposure13. This is also consistent with the linear increase in intensity of the 
carbon line followed by parallel reduction in intensity of the adsorbed water molecules 
over the same period of time (see figure 3.4), suggesting that the carbon atoms are slowly 






Figure 3.4. The changes in relative carbon line intensity (left axes) and Ru 3d5/2 
relative line intensity (right axes) with respect to EUV irradiation time. 
 
For confirming the effect of adsorbents on the changes in surface chemical 
composition in the first one hour of our experiment, another Ru mirror was sputter 
cleaned and scanned by XPS in 5 min intervals for an hour in absence of EUV irradiation 
(figure 3.5). In this case carbon was found to increase by 25 % which is slightly higher 
than what we found with EUV irradiation within first one hour (figure 3.4), indicating 
that the initial rise in carbon concentration (figure 3.4) is not related to EUV assisted 
carbon deposition via decomposition of hydrocarbons alone. Instead, it confirms that the 
carbon accumulation during this time period is mainly related to those hydrocarbons that 
can be adsorbed immediately after reaching the Ru surface from the surrounding 






























































atmosphere2.. It is worthwhile to note that when performing similar experiment with 
another sputter cleaned sample (not shown), the increase in carbon concentration was 
found to saturate after one hour in absence of EUV exposure. This phenomenon further 
confirms that the sputter cleaned Ru surface is stabilized after one hour though adsorption 
of reactive hydrocarbons. Moreover, we found that the decrease in Ru 3d5/2 peak intensity 
in the EUV-OFF case is about 5 % (figure 3.5) where the trend is similar to the case with 
EUV irradiation within first one hour (figure 3.4). 
 
Figure 3.5. The changes in pure Ru 3d5/2 relative line intensity (left axes) and 
relative Carbon content (right axes) with respect to time after sputter cleaning in 
absence of EUV irradiation. 
 
To estimate the EUV radiation enhanced deposited carbon thickness, the linear 
behavior of the Ru 3d5/2 line (in the time range between 60 to 360 min in figure 3.4) was 
used13. The calculation is based on an assumption of a uniform deposition of carbon in 



































































the form of graphite with a density26, 27 of 2.26 (g/cm3).We use the attenuation equation 13 
of Ru 3d5/2 photoelectron signal: I = Io exp(-d/λ cosθ) for this calculation where I is the 
Ru 3d5/2 line intensity after carbon contamination, Io is the initial Ru 3d5/2 line intensity, d 
is the carbon thickness in nm, λ (i.e. 2.8 nm-1 in our case)27 is the mean free path of 
electrons when passing through a carbon (graphite) layer with 1206.5 eV KE (KE = hv - 
BE, BE = 280.1 eV21), and θ is the emission angle (i.e. 45o). The estimated carbon 
thickness is summarized in figure 3.6, showing a linear increase in thickness with a rate 
of 0.54 Å/hr. 
 
Figure 3.6. The changes in Ru 3d5/2 relative line intensity (left axes) and 
accumulated carbon thickness (right axes) versus EUV irradiation time. *the linear 
behavior of Ru 3d5/2 line intensity was only considered which is corresponded to 
the time window (60 to 360 min) of the original EUV irradiation time of this 
experiment. 








































































In order to have a clear image of the surface chemical changes during EUV 
exposure, it is important to follow the Ru-oxide line (see figure 3.7). As can be seen, 
RuO2 is decreasing at higher rate in the first one hour followed by a slow rise in intensity 
up to 180 min. It decreases again after 180 min. Such a behavior of the RuO2 may be 
controlled by two parallel mechanisms: The decrease in intensity of the RuO2 line in the 
first one hour is due to surface coverage by the gaseous molecules (adsorption) and free 
carbon atoms (dissociation), while the second mechanism is representing the increase in 
RuO2 signal due to the oxidation of pure Ru atoms by free O atoms which are created via 
EUV assisted dissociation of the H2O molecules on the top of the Ru surface (stated 
above). In fact, attaining the saturation in Ru oxidation process gives the advantage to the 
first mechanism (surface coverage) to dictate the overall behavior of the RuO2 behavior 
in the remaining time of the experiment.  
 
Figure 3.7 Changes in relative line intensity of RuO2 (left axes) and C-O (right axes) 
with respect to EUV irradiation time. 




















































The reduction in intensity of the RuO2 line after 180 min is basically associated with 
the gradual dominance of the second process (carbon deposition) over the first 
(adsorption). The saturation in RuO2 at about 180 min can, therefore, be a transition from 
the oxidation of the surface Ru atoms to the accumulation of free carbon at the surface for 
protecting and/or isolating the underneath Ru atoms from further oxidation5, 28. Also it is 
shown in figure 3.7 (right ordinate) that the carbon monoxide (C-O) line is also 
increasing fast in the first one hour, and saturates after 120 min. The initial increase in C-
O can be explained in terms of fast reaction of the adsorbed carbonaceous species with 
either water molecules or free O atoms (discussed above). It seems that this process has 
reached to a maximum after 120 min where a dynamic equilibrium between formation 
due to oxidation and dissociation due to EUV assisted breakage has attained and 
maintains a steady state in the rest of the EUV radiation time.  
Furthermore, in the EUV-OFF case water is increased by 60 % in the first 30 min 
and it maintains a stable condition in the following hours (figure 3.8). Although similar 
60 % increment in water concentration is noticed in EUV-ON case, it decreases after 30 
min (see figure 3.3) due to EUV assisted dissociation of water molecules. We should also 
point out that the intensity of the RuO2 line is reduced by 8 % in 60 min in the EUV-OFF 
case, whereas it has been decreased by 4 % in the EUV-ON case. In fact, in any case the 
observed decrease is expected due to surface coverage via adsorption of foreign species. 
The surface coverage is mainly due to water molecules and carbon atoms, and they are 
found to be almost similar in both cases. Thus the lower decrease in RuO2 in EUV-ON 
case supports our conclusion of a slight oxidation of Ru atoms caused by EUV assisted 






Figure 3.8 the changes in RuO2 relative lines intensity (left axes) and relative water 
content (right axes) with respect to time after sputter cleaning in absence of EUV 
irradiation. 
 
Another good indication that help to understand whether an oxidation process is 
taking place during the EUV irradiation or not is watching the evolution of the ratio of 
RuO2 to Ru0 line intensities with respect to EUV irradiation time (figure 3.9). It is shown 
clearly in figure 3.9 that the RuO2 concentration is increasing with time compared to 
pure Ru concentration which is indicating essentially an oxidation process. 
Finally, the corresponding EUVR of the Ru surface at a grazing angle of ~15o was 
found to be reduced by 10 % after 6 hours of EUV radiation (figure 3.10). Based on our 
detailed analyses of the time dependent variation of the surface chemical compositions, 
we justify the observed change in EUVR in the light of surface contamination by carbon 

























































and slight oxidation of the top Ru layer via EUV induced dissociation of residual 
hydrocarbons2 and water vapor17, 24, respectively, in our test chamber. 
 
Figure 3.9 The changes in the ratio of RuO2 to Ru0 line intensities with respect to 
EUV irradiation time. 
 





















Figure 3.10 Changes in Ru mirror relative EUV reflectivity versus EUV irradiation 
time 
 
3.4   Conclusions 
The change in chemical properties on the sputter cleaned Ru surface during exposure 
to a 13.5 nm wavelength of EUV light radiation and its temporal evolution were 
investigated. The contamination of the Ru mirror surface is caused by residual impurities 
of the test chamber. The change in chemical composition on the Ru mirror surface was 
examined by in situ XPS to understand the modification in the corresponding EUVR 
when the Ru film was subjected to a continuous EUV radiation for 6 hours. Detailed XPS 
analyses show adsorption mediated sudden increase in water molecules and other 
contaminants at the surface followed by the suppression of the Ru 3d5/2 peak intensity by 






























exposing the sputter cleaned Ru surface to EUV radiation. The slow decrease in H2O 
concentration after 30 min is discussed in terms of EUV assisted dissociation of water 
molecules. In addition, the rapid increase in carbon concentration up to 22 % during the 
first one hour is explained in terms of adsorption of hydrocarbons at mirror surface, while 
slow but linear increase in carbon concentration by suppressing the Ru 3d5/2 peak 
intensity in the following hours is addressed on the ground of accumulation of free 
carbon on the Ru mirror surface via dissociation of hydrocarbons. In fact, the linear 
reduction of the Ru 3d5/2 peak intensity was used to estimate the thickness of the carbon 
layer, which was calculated to be of 0.26 nm. Moreover, the variation in RuO2 
concentration is further discussed in view of a competition between water adsorption and 
dissociation in presence of EUV radiation. All of these chemical changes were found to 
contribute to about 10 % decrease in EUVR of the Ru mirror after 6 hours of EUV 
radiation at a grazing angle of ~15o. For studying carbon and related contamination 
issues, most of the previous studies used external hydrocarbon injection into the test 
chamber.   The analysis showed that the impurities present in the mildly baked chamber 
affect the surface properties of reflecting mirrors and hence changes in EUV reflectivity 










CHAPTER 4. LOW ENERGY ELECTRON BOMBARDMENT INDUCED SURFACE 
CONTAMINATION OF Ru MIRRORS 2 
The impact of secondary electrons induced contamination of the Ru surface was 
investigated. Mirror-like Ru sample was bombarded with low energy (100 eV) electrons 
and the change in surface chemistry was investigated using XPS. Along with XPS studies 
the corresponding effect on in-situ EUV reflectivity was examined by exposing the Ru 
surface to photons at a wavelength of 13.5 nm in an ultrahigh vacuum chamber. Detailed 
XPS analyses showed a sudden increase in carbon concentrations on the Ru surface in the 
first 60 min, followed by a slow but linear growth in carbon concentration. In parallel, a 
noticeable decrease in water content was observed during the time of electrons irradiation 
along with slight oxidation of pure Ru surface. All chemical changes were discussed in 
terms of the electrons bombardment mediated dissociation of water and hydrocarbon 
molecules. A time dependent EUV reflectivity measurements show insignificant change 
in reflectivity up to 510 min of electrons bombardment. The impact of water molecules 
on the Ru surface and the accumulation of carbon through dissociation of residual 
hydrocarbons is discussed in details. 
                                                          
2 This chapter was published in the proceeding of SPIE advanced lithography conference under the 
following reference: A. Al-Ajlony, A. Kanjilal, M. Catalfano, S. S. Harilal, A. Hassanein and B. Rice, Proc. 






4.1   Introduction 
EUV radiation induced surface contamination of Ru capping layer of Mo/Si 
multilayer mirrors (MLMs) is of great concern regarding mirror performance5. In fact, the 
lifetime of a Mo/Si mirror is severely affected by surface contamination during EUV 
exposure. This has previously been explained in terms of the interaction of the adsorbed 
hydrocarbons and water molecules on mirror surface with secondary electrons (SEs) 
generated by the slowing down cascade of photoelectrons16 . During such interaction 
process, water molecules in the test chamber are dissociated on the Ru surface yielding 
free oxygen atoms and causing further surface oxidation, while carbon is accumulated on 
the surface following the dissociation of adsorbed hydrocarbons. 
Low-energy electron beams can be used to generate surface SEs similar to the SEs 
created by EUV light during the slowing down cascade of incident electrons16. Several 
studies used this mechanism to simulate the effect of EUV radiation on Ru mirror 
surface13, 15, 16. Most of these studies involve injection of different hydrocarbons into the 
test chamber to amplify the existence of hydrocarbons13. In fact, the residual 
hydrocarbons cannot not be avoided in EUVL systems12, although these hydrocarbons 
can be significantly reduced by hard baking an ultra-high vacuum (UHV) chamber. This 
is, however,  not a choice for EUVL vacuum chamber, as mentioned before, to avoid heat 
induced degradation of the EUV optics17 .  Heating of MLMs can initiate a diffusion 
assisted interlayer mixing, leading to the degradation in mirror reflectivity18.  
In this investigation we studied the effect of low energy electrons bombardment induced 





similar to EUVL chamber. The real-time contamination caused by native hydrocarbons in 
the chamber (i.e., without injecting foreign hydrocarbons) is studied using in-situ XPS 
and correlated with change in EUV reflectivity (EUVR). 
 
4.2   Experimental details 
A 50 nm thick mirror-like Ru film coated on p-type Si (100) wafer with 1 x 1 cm2 
size was initially sputter cleaned by 2 keV Ar+ for 30 min (beam current of ~0.5 µA) in a 
mildly baked UHV chamber (pressure ~2×10-8 Torr) at our materials characterization 
IMPACT facility 19. Low energy electron bombardment of the Ru mirror surface was 
done using an electron gun. The sample was continuously bombarded for 510 min with a 
100 eV electron beam, which is considered to be equivalent to EUV irradiation13, giving  
a current of about 45 nA . During the electrons bombardment high-resolution XPS 
spectra of the Ru mirrors surface were systematically recorded at different times to 
follow the changes in surface chemical properties. The XPS measurements were 
performed using an Al-Kα radiation source (hν = 1486.6 eV). Photoelectrons emitted at 
45o from the sample surface were analyzed with a PHOIBOS-100 hemispherical electron 
analyzer. Calibration of binding energy scale with respect to the measured kinetic energy 
was made using the Au 4f7/2line at 84.00 eV 
21. Grazing incidence EUVR of the Ru films 
has been investigated using Phoenix EUV source20 that emits light in the range of (12.5-
15) nm with a peak at 13.5 nm (92 eV), and two calibrated EUV photodiodes (PDs, 






4.2   Results and discussion 
XPS spectra for examining the surface properties of Ru surfaces during continuous 
low energy (100 eV) electron bombardment have been recorded and analyzed to study 
the changes in chemical composition of the surface. Such changes are expected due to 
secondary electrons induced dissociation of water and hydrocarbons molecules adsorbed 
at Ru mirror surface17. Figure 4.1 shows the XPS spectrum of Ru 3d region of Ru mirror 
after sputter cleaning and before starting the electron bombardment.  
 
Figure 4.1. XPS spectra of Ru mirror Ru 3d/C 1sregion after sputter cleaning. XPS 
spectra were fitted with asymmetrical peaks. The fitting components for Ru0 
peaking at 284.2 eV and 280.1 eV (dashed line), for RuO2 peaking at 284.9 eV and 






As shown in figure 4.1 the two main peaks are representing the Ru 3d3/2 and Ru3d5/2 
doublet. Pure state of Ru was found to be the major component of the sample surface 
with two peaks situated at 280.1 eV for Ru0 3d5/2 and at 284.2 for Ru
0 3d3/2. The oxide 
state of ruthenium was found at the higher binding energy side of the pure Ru peaks 
positioned at 280.8 eV for Ru+n 3d5/2 peak and at 284.9 eV for Ru
+n  3d5/2, these two peaks 
are most likely representing the RuO2 according to their peak positions 
13, 21. Analyzing 
the Ru3d region is always a challenging task due to the presence of C 1s peak interfered 
with Ru 3d3/2 peak, we address this issue by using the intensity ratio of Ru 3d5/2 to Ru 
3d3/2 peaks by a factor of 1.5 
21. After applying signal intensity ratio constraint another 
peak positioned at 284.6 eV was needed to be added which represent the C1s line13, 21. 
Asymmetric lines shapes were used for all spectral lines, typical fitting components after 
subtracting the background are found to well reproduce the experimental data.  
O1s region was also analyzed to track the presence of water at the ruthenium mirror 
surface (figure 4.2). In fact, we found the best fitting of the O 1s region can be obtained 
using three components as shown in figure 4.2 where the peaks at 533.2eV, 531.7 eV, 
and 530.1 eV are representing water (H2O), hydroxyl (OH) radicals, and RuO2 







Figure 4.2. XPS spectrum of Ru mirror O1sregion right after sputtering. The fitting 
component for RuO2 peaking at 530.1eV (dotted line), for OH- peaking at 531.7eV 
(dashed line), and for H2O peaking at 533.2 eV (dash-dotted line) 
 
In order to follow the chemical reactions dynamics on Ru surface due to adsorption 
and/or dissociation of gaseous molecules under electron bombardment, we have carried 
out EUV reflectivity (EUVR) and XPS studies at both Ru3d and O 1s regions with a 15 
min interval in the first hour of irradiation and then every 60 min.  
Detailed XPS analyses show continuous decrease in H2O on the Ru mirror surface after 
starting the electrons irradiation (see figure 4.3). It is important to note that the sputter 





time was enough for the water molecules to reach saturation in concentration at the Ru 
mirror surface in high vacuum conditions, the continuous decrease of water is explained 
by the continuous dissociation process of water molecules due to electrons 
bombardment17.  
 
Figure 4.3. The changes in relative line intensity of H2O (left ordinate) and OH 
(right ordinate) with respect to electrons irradiation time 
 
The dissociation of molecules due to electron bombardment can be direct interaction 
between the incident electrons which is in our case 100 eV with the bonds between atoms 
(i.e., with the electrons that are shared between two atoms in covalent bond), or due to the 
interaction between the SE that are generated at the Ru surface during the slowing down 





secondary electrons has a higher interaction cross-section (lower kinetic energy) and 
higher in numbers, but for these SE to be effective in molecules dissociation they have to 
have sufficient energy greater than the binding energy of the atomic bonds. It is also 
shown in figure 4.3 that the concentration of OH radical is generally decreased with time 
which also denotes a dissociation process with an exception of some increase noticed 
between (60-180) min of starting the electrons bombardment, this exceptional increase is 
most likely due to a reaction between free oxygen and free hydrogen as they accumulate 
at the surface as a result of a continuous dissociation process of water and hydrocarbons 
in addition to the OH produced directly by dissociation of water molecules.  
It was found also that during the first hour of the experiment the carbon increased 
dramatically by about 18%. After this initial jump, carbon concentration was found to 
increase in slower trend at a rate of 1.5 % per hour (figure 4.4).  
 
Figure 4.4. The reduction in pure Ru 3d5/2 relative line intensity (right ordinate) and 
the relative carbon content (left ordinate) with respect to electron irradiation time 


































































The rapid rise in carbon concentration in the first hour is most likely due to the direct 
adsorption of hydrocarbons on the Ru surface, whereas the slow but linear increase in 
carbon concentration is associated with the accumulation of free carbon atoms on the Ru 
surface during electron irradiation due to dissociation of hydrocarbons. On the other 
hand, it was found that the Ru 3d5/2 peak intensity is reduced exponentially over the entire 
period of electron bombardment as shown in figure 4.4. The decrease in intensity of Ru 
3d5/2 represents the reduction in signal due to the surface coverage due to the adsorption 
of gaseous molecules, such as hydrocarbons and other gaseous contaminants on Ru 
surface were adsorbed early during the first 60 min, and due to mainly the deposition of 
free carbon atoms on the Ru surface via decomposition of hydrocarbons during electrons 
irradiation after 60 min of starting the irradiation process13. 
To estimate deposited carbon thickness, We use the attenuation equation of Ru 3d5/2 
photoelectron signal (in the time range between 60 to 510 min in figure 4.4):  
I = Io exp(-d/λ cosθ) 13, where I is the Ru 3d5/2 line intensity after carbon contamination, Io 
is the initial Ru 3d5/2 line intensity, d is the carbon thickness in nm, λ is the elastic 
scattering mean free path of electrons when passing through scattering medium, in our 
case λ= 2.8 nm 13, and θ is the emission angle (i.e. 45o). This calculation is based on an 
assumption of a uniform deposition of carbon in the form of graphite with a density28 of 
2.26 (g/cm3). The estimated carbon thickness is summarized in figure 4.5 showing an 






Figure 4.5. The changes in Ru 3d5/2 relative line intensity (left ordinate) and the 
accumulated carbon thickness (right ordinate) with respect electrons irradiation time 
 
The change in Ru-oxide line intensity with time is shown in figure 4.6.  As can be 
seen, RuO2 is decreasing at rate and trend that is approximately similar but not identical 
to the pure Ru line. This signifies that a slight oxidation or reduction reactions of Ru is 
taking place during the electron bombardment. Furthermore, we followed the ratio of 
RuO2 to Ru
0 line intensities during the electron irradiation time (figure 4.6) that shows in 
general an increase in the concentration of RuO2 phase over Ru pure phase that indicates 
little or insignificant oxidation. Such oxidation can be justified by the dissociation of 
water molecules that yield free oxygen atoms ready to react spontaneously with other 






Figure 4.6. The changes in relative line intensity of RuO2 (left axes) and the 
changes in the ratio of RuO2 to Ru0 line intensities with respect to electrons 
irradiation time 
 
Finally, the corresponding EUVR of the Ru surface at a grazing angle of ~15o was 
not found to be changed significantly during a 510 min of electrons bombardment as 
shown in figure 4.7. It should be mentioned that although the thickness of carbon 
contamination deposited at the Ru mirror surface approach to a single monolayer, the 
reduction in EUVR was not significant, this finding is in agreement with previous 






Figure 4.7. The changes in Ru mirror relative EUV reflectivity with respect to 
electrons irradiation time 
 
4.3   Conclusions 
The changes in chemical composition of the Ru mirror surface during 100 eV 
electron bombardments have been studied using XPS. The contamination at the mirror 
surface is basically caused by residual impurities, especially hydrocarbons in a mildly 
baked chamber. Detailed XPS analyses show a decrease in H2O concentration caused by 
electrons assisted dissociation of water molecules. Moreover, a rapid increase in carbon 
concentration up to 18 % during the first one hour is explained on the ground of 





concentration was due to deposition of free carbon atoms via electron-assisted 
dissociation of residual hydrocarbons. Accumulated carbon layer thickness was 
calculated to be of about 2.5 Å with a deposition rate of about 0.34 Å/hr. Moreover, the 
variation in RuO2 concentration was found to be approximately similar to that for pure 
Ru, but Ru+4/Ru0 line intensity ratio denotes minor oxidation of the Ru mirror surface 
during electrons bombardment. However, grazing angle EUVR of the Ru surface was not 










CHAPTER 5. CARBON CONTAMINATION AND OXIDATION OF Au SURFACES 
UNDER EXTREME ULTRAVIOLET RADIATION: AN X-RAY PHOTOELECTRON 
SPECTROSCOPY STUDY3 
EUV radiation-induced carbon contamination and oxidation of Au surfaces were 
investigated using XPS. The Au sample was irradiated by EUV radiation at 13.5 nm for 9 
hours, while a series of XPS spectra were recorded for monitoring chemical modification 
during EUV exposure. XPS analysis showed that total carbon contamination (C 1s peak) 
at the surface was increased by ~14 % after 9 hours of EUV exposure while the C-H 
component played a dominant role within the first 60 min of EUV irradiation, giving a 
sharp rise of the corresponding C 1s peak intensity, followed by a slow linear increase in 
intensity of the C-C bonds. The later one represents an accumulation of carbon due to the 
EUV-assisted dissociation of residual hydrocarbons on Au surface. Oxide state of Au was 
also noticed to be formed during EUV irradiation, and was found to increase 
continuously before reaching its maximum followed by a progressive decay. The role of 
water dissociation in the presence of EUV radiation is discussed and correlated with Au 
oxidation phenomenon. 
 
                                                          
3 This chapter was published in the journal of vacuum science and technology B under the following 






5.1   Introduction 
In a vacuum chamber, carbon atoms are generally deposited onto a solid surface 
when residual hydrocarbons encounter a dissociation process during interaction with an 
ionizing radiation such as x-ray or EUV light2.  The carbon atoms can then  accumulate at 
the optics surfaces which in turn change optical characteristics and reduce the 
reflectivity2 of mirrors. For example, EUV light-induced carbon contamination of Au 
grazing incidence optics in synchrotron beam lines is one of the major reasons for 
reduced reflectivity. This problem has been observed and investigated several decades 
ago, considering its cost and time consumption implications to synchrotron radiation 
beam quality and stability29. In order to retrieve the original optical characteristics of the 
contaminated optics, several cleaning procedures have been suggested so far6, 7,5. This is 
also true for the development of novel hybrid Au-multilayer-Au in-line EUV optical 
polarizers where Au is used as a reflector with polarizing multilayer30. 
Currently, EUV light sources emitting at 13.5 nm is being considered as the 
wavelength of next generation lithography which are capable of producing electronic 
devices with feature sizes of  16 nm and beyond31,32. EUVL system consists of high 
vacuum system, light source, and the optics. Such a combination represents exact recipe 
for EUV-induced carbon contamination of the optics. In fact, EUVL system is very 
sensitive to the reduction in EUV reflectivity (EUVR), which can only be tolerated up to 
few % over the entire lifetime of the optics (estimated to be 30,000 working hours)3. 
Typically, mirrors for EUVL systems are prepared by depositing alternating layers of Si 
and Mo11. Such multilayer mirrors (MLMs) are able to reflect electromagnetic radiation 





the top Si surface, a thin Ru capping layer has been suggested on top of Si/Mo MLM9. 
Although Ru is considered the material of choice to protect Si/Mo layers because of its 
optical properties (high transmission coefficient at 13.5 nm) and high chemical resistance 
in corrosive environments,14 EUV-induced carbon contamination is one of the major 
problems that reduces the duty life of MLMs2, 33, 34 and ultimately increases the operating 
cost of the EUVL process. Using different surface treatment with ions or even during the 
growth of a layer, the lifetime of a standard Mo/Si MLM system can, however, reach to 
thousands of hours.35    
Extensive research has been devoted worldwide to understand and to mitigate the 
formation of carbonaceous layer on Ru surface during EUV exposure2, 34. However, in-
depth understanding of the EUV-induced carbon deposition process on Ru surfaces is 
hindered by the overlapping of the C1s and Ru 3d lines in XPS36, which is the most 
common tool for observing and understanding the surface chemical properties. Similar to 
XPS, spectral analysis of Ru/C surfaces is also challenging for Auger electron 
spectroscopy (AES)13 due to the same overlapping phenomenon. As a result, important 
details about the chemical nature of accumulated carbon are limited. In order to reveal 
insights regarding carbon deposition process during EUV exposure via dissociation of 
residual hydrocarbons, it is therefore important to choose a material which is not only 
compatible with EUV radiation, but also free of any core level bands near the binding 
energy (BE) region of C 1s (285.4 eV)21. Based on these concepts, we have chosen Au 
film as model candidate to analyze EUV-induced carbon deposition mechanism using 
XPS. Moreover, Au surface is inert for most of the adsorbed  molecules at room 





hydrocarbons during EUV exposure without having any dominant chemical reaction with 
reactive molecules such as water – opposite to the one observed in the case of  Ru36. 
Although the accumulation of carbon on Au does not serve as a quantitative indicator for 
the growth of carbon on Ru surface, it might be useful to understand the physics of 
hydrocarbons dissociation under EUV irradiation. Moreover, the chemical states of 
accumulated carbon on Au and their temporal evolution during the EUV exposure will 
also be useful for developing EUV optical polarizer.  
The main purpose of this investigation is to provide information about the 
mechanisms of carbon contamination and to shed light on the chemical states of 
accumulated carbon and their temporal evolution. In particular, we aimed to show the 
hydrocarbons adsorption dynamics on Au surface and its gradual transformation into 
graphite during the course of EUV irradiation. We also show the effect of EUV radiation 
on Au in the presence of water molecules and compare the results with the oxidation 
reaction of Au in ozone atmosphere under UV exposure37,38.  
In this study we did not inject any hydrocarbons in our mildly baked ultrahigh 
vacuum (UHV) chamber. We relied on the residual hydrocarbons and water molecules 
that exist naturally in any vacuum system. Also we maintained a high vacuum condition 
to replicate the vacuum condition of EUVL systems10.   
  
5.2   Experimental details 
The experiments have been performed at our surface characterization facility, 





(diameter ~15 mm) was initially sputter cleaned by 2 keV Ar+ for about 90 min (beam 
current 0.5 µA) using NTI ion source in a mildly baked UHV chamber (base pressure 
~510-9 Torr).  For XPS analysis, the Au surface was excited using an Al-Kα radiation 
(h = 1486.6 eV), while the photoelectrons emitted at 45o from the target surface were 
analyzed employing a hemispherical electrostatic energy analyzer (Phoibos 100 from 
SPECS Gmbh). Calibration of BE scale with respect to the measured kinetic energy was 
made using the Au 4f7/2 line at 84.00 eV
21.  
The sample was exposed to radiation from a Phoenix EUV source19, 40 that emits 
light in the range of 12.5 to 15 nm with maximum peak at 13.5 nm40. The estimated 
EUV beam power reaching the target surface is 0.3 µW 19, 40, while the power of the 
13.5 nm wavelength of light (within 2 % bandwidth) is 0.1 µW19, 40. The EUV beam 
spot size on the Au surface was measured to be ~7 mm. During sputter cleaning of the Au 
surface, the chamber pressure was at ~2.0 × 10-8 Torr. As the EUV source is mounted in a 
separate vacuum chamber with a differential pumping arrangement, the working pressure 
of the experimental chamber during EUV irradiation was ~2.0 × 10-8 Torr. The chamber 
atmosphere was analyzed with a residual gas analyzer (RGA). It shows the presence of 
water molecules with a partial pressure of ~ 5.5 × 10-9 Torr, and different background 
hydrocarbons such as methane, acetone, ethyl alcohol, methyl alcohol, benzene, toluene, 
methane etc. 
5.3   Results and discussion 
The sputter cleaned Au surface was irradiated by EUV light for 9 hours, while the 





for surface chemical modification. In this investigation, we focused on O 1s, C 1s and Au 
4f regions. Figure 5.1 displays a typical XPS spectrum recorded after sputter cleaning of 
Au. The prominent core levels of Au, O, and C are marked accordingly. 
 
Figure 5.1. Typical XPS spectrum of Au after 90 min sputter cleaning, showing 
different core level peaks of Au such as Au 4s, Au 4p, Au 4d, Au 4f and Au 5p 
along with O 1s and C 1s regions 
 
The high resolution scan of C 1s core peak is displayed in figure 5.2 after 10 min and 
9 hours of EUV exposure. As a major indication of EUV induced carbon contamination, 
total carbon peak area intensity (at C 1s region) was found to be increased by ~14% after 







Figure 5.2. The C 1s region of Au surface after EUV exposure for: 10 min (open 
circles) and 540 min (filled circles) 
 
Careful analysis reveals that the C 1s region is composed of four different chemical 
states of carbon41, 42 (see figure 5.3): graphitic carbon or C-C bonding situated at 284.5 
eV42, C-H at 285.4 eV42, and  two oxide states related to C=O in carbonyl and carboxyl 






Figure 5.3. XPS spectrum of Au at C 1s region: Experimental data (dots) fitted with 
four components (thin lines) situated at 284.5 eV (C-C bonding), 285.4 eV (C-H 
bonding), and at 286.4 and 287.6 eV for carbonyl and carboxyl groups, 
respectively. The spectrum was recorded after 10 min of EUV exposure. The fitted 
curve is represented by thick gray line, where four different peak positions of the 
fitting components are indicated by (dashed) vertical lines. 
 
Furthermore, the change in each chemical state of carbon has systematically been 
tracked with EUV radiation time and documented in figure 5.4. 
As can be seen from figure 5.4, the relative peak (area) intensity of the C-H bonding has 
reached an equilibrium condition after a rapid increase in intensity in the first 60 min of 
EUV radiation. We should mention that the relative intensity (here and also in the 
following) signifies the ratio between the recorded data with EUV radiation and the one 





30 min later after finishing the sputter cleaning process as the hydrocarbon adsorption is a 
slow process; it generally needs about 90 min to saturate at the sample surface in high-
vacuum atmosphere36. The existence of C-H component confirms the adsorption of 
hydrocarbons on Au (see figure 5.3). On the other hand, the C-C peak intensity increased 
at a higher rate in the first 60 min of EUV radiation, though the growth rate is much 
lower than that of C-H (figure 5.4). After 60 min, the C-C intensity continued to increase 
linearly, however at a lower rate, until the end of our experimental run. Similar to 
intensity changes of C-H with time, relatively fast increase in C-C peak intensity within 
60 min of EUV exposure can also be explained in the light of hydrocarbon adsorption, 
since the C-C bonds are the backbone of any hydrocarbon structure. 
 
Figure 5.4. Using XPS spectra at the C 1s region, showing evolution of peak intensity 






Since the number of C-C bonds in most of hydrocarbons is lower than the C-H 
bonds, one can expect lower carbon signal from C-C bonds than that of C-H of the 
adsorbed hydrocarbons. This is also in agreement with figure 5.3. The observed lower 
rate of increase in C-C peak intensity compared to C-H line in the first 60 min of EUV 
irradiation (figure 5.4) confirms superiority of hydrocarbon adsorption over carbon 
accumulation via dissociation of hydrocarbons2. Moreover, the linear increase in C-C 
peak intensity after 60 min can be discussed in the framework of accumulation of 
graphitic carbon due to EUV-assisted decomposition of the adsorbed hydrocarbons at the 
sample surface13, 29. In fact, EUV-induced molecular dissociation depends on both the 
concentration of the adsorbed hydrocarbons on Au and the photon flux (EUV power 
density)2. In this experiment, we have used a constant EUV power, whereas the adsorbed 
hydrocarbon concentration was found to be constant after 60 min of EUV irradiation 
(concluded from the C-H line). Hence, the linear behavior of carbon deposition is 
expected to be associated with EUV-induced dissociation of hydrocarbons. Our results, 
therefore, demonstrate that soon after complete hydrocarbon coverage on Au, 
accumulation rate of carbon via EUV-induced decomposition of adsorbed hydrocarbons 
exceeds the adsorption rate of hydrocarbons on Au, and thus contributes to total carbon 
deposition process (figure 5.4). 
The oxide states of carbon related to C=O in carbonyl and carboxyl groups were 
found to be weak (figure 5.3), where the corresponding peak intensity fluctuates about 
the same value without any particular trend (not shown). Total carbon signal, therefore, 
represents nearly the sum of the peak area intensities of the C-C and C-H lines. In fact, 





5.4) seems to be controlled by the growth of C-H component, whereas the slow but linear 
increase is mainly associated with the C-C bonds concentration evolution. Similar 
behavior of the accumulation of carbon has previously been observed also on the top of 
Au and Ru mirrors29,36. In general, we can conclude that adsorbed hydrocarbons on top of 
Au were continuously ‘enriched’ with carbon atoms with increasing EUV irradiation 
time.  
Along with carbon contamination, we also investigated oxidation of Au surface 
during EUV exposure by analyzing O 1s and Au 4f core lines. Figure 5.5 exhibits the O 
1s and Au 4f regions after 10 and 120 min of EUV radiation. The Au 4f doublet pair 
which represents the Au 4f5/2 and 4f7/2 states of pure Au (Au
0) situated at 84.0 and 87.7 
eV, respectively21, was fitted with two peaks after background subtraction [Figs. 5.5 (b) 
and (d)]. With increasing EUV irradiation time, a slight change in peak shape and 
intensity were detected. Using similar fitting constraints as in figure 5.5(b), appearance of 
additional oxide states of the respective Au0 doublet was noticed at the higher binding 
energy side at ~89.1 and 85.4 eV43 [figure 5.5(d)]. This is also consistent at the O 1s 






Figure 5.5. XPS spectra of Au, showing the O 1s(a) and Au 4f (b) regions after 10 
min of EUV irradiation, and also the O 1s (c) and Au 4f (d) after 120 min of EUV 
irradiation. The O 1s spectra are multiplied by a factor of 10 for clarity, whereas 
vertical lines are used to project peak positions when fitting the recorded 
experimental data (dots) 
 
Figure 5.6 shows the temporal evolution of the relative peak area intensity for both 
pure and oxide states of Au. As apparent, the Au0 peak intensity is decreased at higher 
rate in the first hour of EUV radiation, followed by a lower rate up to the end of 
experiment. Considering both these trends, total Au0 peak intensity was found to be 
reduced by ~4% after 9 hours of EUV irradiation. On the other hand, an evolution of 





its maximum within 200 to 300 min, which is followed by a progressive decrease in 
intensity up to the end of the experiment. In fact, surface oxidation of Au has also been 
confirmed by taking the ratio of the Au-O peak intensity to that of Au0 which is also 
given in figure 5.6. As can be seen, the ratio exhibits a similar trend as found in Au-O 
evolution behavior. Clearly, the observed oxidation is associated with EUV radiation 
since we did not find any oxide state before EUV exposure. Moreover, the decreasing 
behavior of Au0 (see figure 5.6) is associated with the accumulation of carbon and/or 
hydrocarbons, which as a result enhances inelastic scattering of photoelectrons from Au0 
when passing through surface carbonaceous layer13. 
 
Figure 5.6. From Au 4f region, time dependent change in Au0 (left ordinate) and 
Au-O (right ordinate) peak intensities at the Au 4f region of the recorded XPS 
spectra with EUV exposure. The EUV exposure time dependent corresponding 







In order to understand further about Au oxidation, O 1s region has also been 
analyzed. Initially, the recorded O1s peak was fitted with two components, representing 
oxygen in two different chemical states, such as OH and H2O peaking at 531.7 eV
38 and 
533.2 eV21, respectively [see figure 5.5(a)]. However, with increased EUV exposure, 
another peak situated at 530.1 eV38, 43, 44 was found to be formed and evolved with time 
[figure 5.5(c)], confirming the oxidation process of Au under EUV exposure.  
The changes in H2O and Au-O peak intensities in the O 1s region were also 
monitored as a function of EUV exposure time and given in figure 5.7. As discerned, the 
H2O peak intensity was decreased dramatically in the first 2 hours of EUV radiation, 
followed by gradual flattening in the remaining time. The observed decrease of water 
content is most likely due to continuous dissociation of water molecules under EUV 
exposure 17, 36.  As a result of water dissociation, the dissociation fragments, particularly 
free O is able to interact and oxidize Au atoms17. Hydrocarbon adsorption and its 
subsequent carbon deposition (see figure 5.4) are also responsible for the reduction of 
H2O surface concentration with time. In fact, binding energy of H2O molecules to metal 
surface is strongly influenced by the surface concentration of other contaminants such as 
(O, N and C etc.). Generally, surface carbon weakens the adsorption energy of water 
molecules on metal surfaces17. Another reason for the observed water desorption is the 
partial surface oxidation of Au (figure 5.6) as the adsorption of water molecules on metal 
oxides has less binding energy compared with water adsorbed directly on pure metals17.  
It has long been believed that the noble-metal Au is an inert and has low affinity 





(110) surface is favorable for adsorbing atomic oxygen, where the chemisorption energy 
was evaluated to be ~0.35 eV45. Although dissociative adsorption of O2 on Au in a 
vacuum chamber has not yet been observed by thermal desorption spectroscopy, this 
phenomenon is at present fueled by the catalyzing property of the Au nanoparticles (see 
Ref. 45 and references therein). In fact, it has been demonstrated theoretically that the 
molecular and dissociative adsorption of oxygen are controlled by the size of Au 
clusters46. Yoon et al.46 have shown that the bonding mechanism involves charge transfer 
to oxygen from the Au cluster with a concomitant activation of the O-O bond to a 
superoxo state. Moreover, the anionic Au clusters with three or less atoms can initiate 
molecular adsorption, whereas dissociative adsorption of oxygen is expected in bigger 
clusters with corrugated structure.46 The interaction of O with neutral and cationic Au 
clusters was, however, reported to be very weak,47 and thus does not induce O-O bond 
activation.46 On the other side, thermal dissociation, O-ion sputtering, microwave 
discharge and use of reactive molecules like NO2 can also form chemisorbed O species 
on Au (see Ref. 45 and references therein). 
Several studies are also concerned with oxidation of Au in the presence of O3 and 
UV light37, 38, 44 where the weakly bonded O3 can be dissociated into O2 and free O under 






Figure 5.7. From O 1s region, the EUV exposure time dependent variation of H2O 
(left ordinate) and Au-O (right ordinate) peak intensities, extracted by using a fitting 
procedure at the O 1s region of the recorded XPS spectra 
 
Since the dissociative adsorption of O2 by Au at room temperature is 
thermodynamically not favorable,45, 47 it is clear that the oxidation of Au upon UV 
Exposure in the presence of O3 atmosphere is mainly driven by free O atoms. Based on 
O3-UV oxidation phenomenon, we believe that Au in the present investigation is most 
probably oxidized by free oxygen atoms upon EUV-induced water dissociation2, 17, where 
ion sputter cleaned rough Au surface gives fertile ground for accelerating surface 
oxidation46. Unlike reactive O3 molecules, H2O is a strongly bonded molecule, and thus it 
needs higher energy photons rather than UV to be dissociated. According to figure 5.7, 
more and more Au-O complexes are formed via reaction with free O up to about 200 to 





It can be seen clearly in figure 5.7 that, the rate of Au-O formation process is linked 
with the rate of H2O signal reduction.   The sharp increase in Au-O signal in the first 60 
min of EUV exposure is directly connected to the free O generation by H2O dissociation 
as evidenced by rapid reduction in H2O signal during this time. The reduction in Au-O 
signal at higher EUV exposure times can also be correlated to leveling off H2O signal 
intensity.  As mentioned earlier, the binding energy of H2O molecules to metal surface is 
influenced by the surface concentration of  contaminants such as carbon and it weakens 
the adsorption energy of water molecules on metal surfaces17.  figure 5.4 clearly showed 
that Au top surface was continuously deposited with carbon atoms with increasing EUV 
irradiation time. These observations also support our conclusion about the role of H2O 
dissociation under EUV exposure that causes Au oxidation.  
Comparing Figs. 5.4, 5.6 and 5.7, one can explain the observed decrease in Au-O as 
a combination of two phenomena occurring simultaneously: (i) The instability of the Au-
O bonds in the presence of more reactive elements/compounds48 such as C and CO is due 
to the catalyzing behavior of Au46, 48, 49 and (ii) The gradual decrease in free O production 
rate by EUV induced H2O dissociation (as discussed above) suppresses further Au-O 
formation. We believe that the oxidation and reduction processes were in dynamic 
equilibrium during EUV exposure. Hence, the oxidation reaction was dominant when the 
free O production rate was high due to the H2O dissociation process
17. On the other hand, 
when the H2O dissociation process was significantly reduced and the production of free 
oxygen atoms was suppressed, the Au-O reduction process surpasses Au oxidation in the 





Finally, In order to confirm the role of EUV in Au surface chemical modification, 
another set of XPS scans for another Au sample was taken in a similar atmosphere 
without EUV radiation (figure 5.8).  
 
Figure 5.8. The temporal evolution of relative surface concentration of C, H2O and 
Au on the top of Au surface in absence of EUV radiation versus the time after 
stopping the sputter cleaning.  
 
It was found clearly that the total carbon signal reached a saturation level on the top of 
the Au surface in about 1 to 2 hours after stopping the sputter cleaning process. This 
observation confirms our previous conclusion about the hydrocarbons adsorption in the 





unchanged, and that strongly support the suggestion about the relation between the 
reduction in surface water concentration and the EUV induced dissociation and 
contamination processes that occurs during EUV irradiation. On the other hand, in the 
absence of EUV radiation Au signal reached an equilibrium state in about 1 hour, which 
occurs after an initial reduction due to surface coverage due to adsorption of 
contaminants (Fig 5.8).    
 
5.4   Conclusions 
In this chapter, the changes in surface properties of an Au surface in a high vacuum 
atmosphere during EUV exposure have been studied. The changes in surface properties 
were monitored by recording high resolution XPS spectra of O 1s, C 1s and Au 4f 
regions.  The total carbon (C 1s) peak area intensity was found to be increased by about 
14% during the 9 hours of EUV exposure. Careful XPS analysis of C1s edge reveals that 
C-H peak intensity showed a higher rate of increase in the first 60 min of EUV radiation, 
followed by the attainment of an equilibrium condition up to the end of the experiment. 
This behavior was explained in terms of accumulation of carbon in the form of 
hydrocarbons. The C-C line intensity was, however, increased with relatively lower rate 
compare to C-H in the first 60 min of EUV irradiation, but it was found to be increased 
linearly at a lower rate in the later time. The linear increase in C-C peak intensity after 60 
min has been explained in the light of an accumulation of graphitic carbon on Au due to 





Further analysis of the Au 4f region revealed the formation of Au-O, which increased 
continuously as a function of EUV exposure until it arrived to its maximum within 200 
and 300 minutes.  The observed variation in Au-O peak intensity was again confirmed by 
analyzing the O 1s region. Based on the XPS results, we can therefore conclude that 
sputter cleaned Au surface can be oxidized during EUV radiation in the presence of 
residual water molecules in a high-vacuum chamber, where the free O atoms originated 
via EUV-induced dissociation of water molecules. However, the reduction of the Au-O 
bonds becomes dominant above 200 min of EUV exposure due to a shortage in free O 
atoms, and the accumulation of reactive species (such as carbon and carbon-related 








CHAPTER 6. SECONDARY ELECTRON-ENHANCED WATER AND 
HYDROCARBON ADSORPTION IN EUV LITHOGRAPHY DEVICES4 
In addition to the well-known radiation induced dissociation processes, believed to 
be the main contributor to the mirror contamination process in EUV lithography devices, 
we found another factor that may accelerate the contamination phenomena. Our studies 
showed that the low energy electrons produced during the EUV-surface interaction could 
accelerate the physical adsorption processes of the gaseous contaminants molecules on 
the mirror surface, posing additional threat and enhancing the entire contamination 
processes. This phenomenon was explained in accordance with Langmuir adsorption 
model by the increase of the sticking coefficient of adsorbed molecules onto mirror 
surface.  We have shown that a positive biasing of the top mirror surface can be used for 
preventing the electron enhanced contamination process from spreading to the entire 
optics stack in EUV lithography devices.  
6.1   Introduction 
Due to the escalating demands on new advancement of computer chips 
specifications, including microprocessors and integrated circuits and for keeping Moore’s 
law intact, the number of transistors per unit area4 must be increased in about every two 
                                                          
4 This chapter is published in Applied surface scinece under the following reference: A. Al-Ajlony, A. 





years. Nowadays we almost reached the theoretical limit of the conventional optical 
lithography for further reduction in feature size with a reasonable resolution50. Several 
next generation lithography technologies are now being considered 50. In fact, EUVL- is 
considered to be the most promising technology among the others of NGL techniques3. 
EUVL is not only a promising tool, but also very challenging considering the 
technological point of view. Although huge progress has been achieved so far to ease 
many of these challenges3, many issues are yet to be sorted out and hence  still under 
intense research. Some of these obstacles that partially contribute to the delay in 
commercializing the EUVL device are the lack of powerful and clean EUV source3, the 
difficulty of achieving defect free photo-mask3, and carbon contamination of the EUV 
optics 36, 39.  
Carbon contamination in EUV optics is caused by EUV induced dissociation of the 
hydrocarbon molecules at the  mirror surface during  irradiation2. This dissociation 
process eventually leads to the formation of amorphous graphite like carbon layer that 
reduces the EUV reflectivity of the mirrors2, 5. Basically, the hydrocarbon molecules 
(gaseous phase) accumulate naturally on the mirror surface, which is known (so far) to be 
independent of the EUV irradiation process36, 51. During mirror exposure to the EUV 
radiation, these stable molecules can be dissociated to smaller reactive fragments that 
react with each other to form eventually carbon rich solid layer 24, 36, 52.   
Generally, the accumulation of gaseous molecules on top of solid surfaces is one of 
the possible interactions between solid and gaseous phases, known as the adsorption 





bonded physically (physisorption) or chemically (chemisorption) on a solid surface and 
stay there for a period of time until it has sufficient energy to break the bond and desorb 
back to the gaseous phase53. The mean lifetime of the gaseous molecules bonded to the 
solid surface and the number of events that lead to successful sticking of one gaseous 
molecule on solid surface are the two main factors that determine the equilibrium 
concentration of the adsorbed phase at certain conditions53. Back in 1918, Langmuir had 
established one of the first adsorption theories based on kinetic point of view, 
determining the equilibrium concentration of adsorbed phase of certain system (adsorbent 
and adsorbates) at certain pressure and temperature, leading to his famous isotherm53, 54. 
Langmuir’s findings lead to numerous advanced theories and empirical relations to match 
a variety of experimental data at different conditions53. It is known, however, that the 
assumption behind the Langmuir theory for single mono-molecular-layer adsorption is 
not precise enough for many practical applications53, 55. Moreover, the smooth uniform 
surface that was suggested as adsorbent in Langmuir theory is too ideal for most of the 
practical cases53. On the other hand, the Langmuir adsorption theory is reasonably precise 
enough when considering the adsorption process of gases on extremely smooth solid 
surface under high vacuum or ultra-high vacuum (UHV) atmosphere where the partial 
pressure of the adsorbates is not high enough to produce a monolayer of adsorbed 
molecules on the surface. These conditions are applicable in the case of water and 
hydrocarbon adsorption on mirror surface in EUVL devices.   
The physical adsorption process on a mirror surface in the case of pure component 
adsorption system is known to be exclusively dependent on the partial pressure of the 





rate of gaseous species on certain surfaces after exposing them to a flux of energetic 
electrons had been reported56-58. This phenomenon was explained in the framework of the 
role of energetic electrons to induce dissociation of adsorbed molecules, where the 
produced reactive fragments can react chemically with the surface to produce more stable 
chemical bonds (chemisorption)56. This chemical effect increases the mean lifetime of the 
adsorbates on the surface, leading eventually to an increase in the adsorption rate56, 57.  
In this paper we report the impact of 100 eV electron beam on the physisorption of 
hydrocarbons and H2O on a relatively inert surface (Au).  The 100 eV electrons was 
chosen to provide a rough simulation of the electrons generated during the mirror 
exposure to 92 eV EUV radiation which corresponds to the wavelength of next 
generation lithography15, 16, 52. These generated electrons together with the reflected EUV 
beam are expected to reach the subsequent mirrors in a lithographic system and 
accelerate the contamination process. Although Au is not a favorable candidate materials 
to cap the Si/Mo multilayer mirrors (MLMs) for the EUVL device51, 59, it was however 
used in this experiment to provide a relatively inert surface that cannot easily react with 
the adsorbates species. Hence, we can reduce any possible chemisorption processes. Also 
Au surface was selected to avoid any interference in XPS spectral lines with the C 1s 
line, providing a good opportunity to monitor the accumulation of the hydrocarbons on 
the surface. Currently Ru is considered as a capping layer for Mo/Si multilayer mirror 
and it is difficult to monitor the accumulation of hydrocarbons on the top of Ru by using 
XPS due to the overlapping between the C 1s and Ru 3d lines 21, 36.        





6.2   Experimental details 
A set of (10mm×10mm) 50 nm thick Ru and Au films coated Si wafers was used in 
this investigation. All these samples were studied in an UHV chamber (base pressure 
~3.010-9 Torr) in IMPACT facility19. For each sample, surface contamination level was 
evaluated by XPS analysis, where sample’s surface was excited with Al-Kα radiation (h 
= 1486.6 eV), while the photoelectrons emitted at 45o from the target surface were 
analyzed using a hemispherical electrostatic energy analyzer (PHOIBOS-100TM). 
Calibration of binding energy (BE) scale with respect to the measured kinetic energy was 
made using the Au 4f7/2 line at ~84.00 eV. A set of three experiments was devoted to 
study the dynamics of contaminants concentration at the sample surface in different 
experimental conditions as summarized in the next two sections. During all experiments, 
chamber pressure was fixed at ~1.010-8 Torr in order to simulate the optics chamber 







Figure 6.1 The schematic of the experimental setup. The IMPACT system is used 
which contains X-ray source, electron gun, ion gun, EUV source, and hemispherical 
electrostatic energy analyzer. A dc power supply was used to bias the sample 
surface positively or negatively and a picoammeter was used to measure the target 
current 
 
5.2.1   Effect of electron bombardment 
In this part of the experiment, Au samples were used. The sample surface was 
examined by XPS at different time intervals to monitor the level of surface contaminants 
during electron bombardment at different beam currents. Before electron beam 
bombardment, Au samples were sputtered cleaned for 10 min by 1 keV Ar+ with a total 
beam current of ~0.5 µA using an ion source from NTITM. Immediately after sputter 





During electron bombardment a series of high resolution XPS scans were taken for O 1s, 
C 1s and Au 4f core regions. The experiment was repeated for different electron beam 
currents (860 nA and 220 nA) and also in the absence of electron bombardment (e-beam 
off).     
 
5.2.2   Secondary electron emission mitigation: 
In this experiment, Ru samples were used. The samples were biased with different 
positive voltages during 92 eV EUV irradiation, and effect of sample bias voltage on the 
secondary electron (SE) spectra was studied. The EUV irradiation was performed using a 
PhoenixTM EUV source20 that emits light in the range of 12.5 to 15 nm with the 
maximum peak at 13.5 nm. The estimated EUV beam power reaching the target surface 
is 0.3 µW, while the power of the 13.5 nm wavelength of light (within 2 % bandwidth) 
is 0.1 µW19, 20. The EUV beam spot size on the investigating Ru surface was estimated 
to be ~7 mm. The SE spectrum was recorded using PHOIBOS-100 hemispherical 
electrostatic energy analyzer.  
In addition, we also investigated the impact of sample biasing on the adsorption 
process of contaminants on the Au surface. Initially, the Au samples were sputter cleaned 
for 10 min by 1 keV Ar+ with a total beam current of ~0.5 µA. Immediately after sputter 
cleaning, the Au  samples were biased positively or negatively at different voltages and a 
series of high resolution XPS scans were taken for the O 1s and C 1s regions. In this 






6.3   Results and discussion 
6.3.1   Effect of electron bombardment 
A polished “mirror like” Au samples were sputter cleaned and immediately 
bombarded with low energy electrons (100 eV) at different currents (860 nA, 220 nA and 
e-beam off).  At the same time, a series of XPS scans were taken to measure the level of 
contamination on the sample surface with time. Figure 6.2 gives the C 1s, O 1s and Au 4f 
peaks which show the natural accumulation (e-beam off) of contaminants on Au mirror 
surface with time. In this case no electron bombardment was carried on, and only the 
accumulation of contaminants on the sample surface due to the normal adsorption of the 
residual gaseous spices in the vacuum chamber is observed. As can be seen in Fig 6.2, the 
O 1s core level spectrum does not show significant signal right after sputtering, but with 
time the oxygen concentration at the surface starts to build up. By careful looking into 
this region and to the position of the oxygen peak formed at around 533 eV we can 
conclude that this peak is corresponding to the adsorbed water molecules at the surface21, 







Figure 6.2. High resolution XPS spectra of (a) O 1s, (b) C 1s and (c) Au 4f core 
level peaks. The XPS scans were performed in one-hour intervals starting from 
sputtered clean surface 
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Along with O 1s core peak, we also monitored C 1s [figure 6.2(b)] and the results 
showed the carbon signal is also increasing with time. In fact, the carbon peak found to 
be positioned at 284.8eV which is the most accepted value for the adventitious 
hydrocarbons21, 36, 51 that could be adsorbed at any metallic surface due to the presence of 
residual hydrocarbons in a vacuum chamber atmosphere51. This observation also justified 
by the adsorption process of the hydrocarbons on the sample surface.  
Although the sample was sufficiently clean at the moment of stopping the sputter 
cleaning process, the first scan of the C 1s region after cleaning shows the presence of 
carbon. It indicates that carbon accumulation happens immediately after sputter cleaning. 
This carbon is most likely accumulated by surface adsorption of hydrocarbons during the 
first ~2 minutes which is required to complete an XPS scan. We also monitored time 
dependent changes in the Au 4f core level peak [figure 6.2(c)], which shows a continuous 
decrease in Au surface concentration. The decrease in intensity of Au signal confirms that 
the observed contaminants, especially H2O and hydrocarbons were accumulating and 
covering the Au surface. The suppression of the Au signal also supports our hypothesis of 
surface contamination via molecular adsorption. 
The behavior of contaminant adsorption was also studied during low energy electron 
bombardment.  Figure 6.3 gives the temporal evolution of the area under the XPS spectra 
at the O 1s (H2O), C 1s (hydrocarbon), and Au 4f regions during the contamination 
process under different electron beam currents (860 nA and 220 nA) as well as for the 







Figure 6.3 Temporal evolution of the area under XPS spectrum of the (a) O 1s 
region, (b) C 1s region, and (c) Au 4f region. The curves highlight the evolution of 
the surface concentration of oxygen (H2O), carbon, and Au during 100 eV electron 
bombardments for different currents. The corresponding natural evolution in the 
absence of electron bombardment (0 nA) is also shown 
 
Figure 6.3(a) shows significant change in H2O adsorption rate during the electron 
bombardment process. The electron bombardment has increased the rate of H2O 
adsorption at the surface where the adsorption rate was found to change with electron 
current. For a beam current of 220 nA, the surface water concentration reaches the 
saturation in a shorter time period ~120 min compared to ~ 240 min required without 
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electron bombardment. For 860 nm electron current, the H2O surface saturation reached 
even faster ~50 min. Interestingly, the water concentration was also decreased steadily 
after reaching the saturation point when the electron bombardment was used. This slow 
but linear decrease of water concentration after saturation was previously noticed during 
EUV irradiation36, 51 and it was justified by the dissociation of water molecules due to 
SE-induced dissociation process. At the same time no decrease in water concentration 
after saturation was found when the electron bombardment was not applied (not shown). 
Similar change in adsorption behavior during electron bombardment was also noticed in 
the C 1s region as can be seen in figure 6.3(b). In this region we noticed a dramatic 
increase in adsorption rate of hydrocarbon at sample surface during electron 
bombardment, and this increase was directly proportional to electron beam current. This 
increase in adsorption rate resulted in shortening of the time required for hydrocarbons to 
reach saturation at the sample surface compared to the time of saturation when the 
electron beam was not applied. Moreover, in the case of electron bombardment carbon 
concentration was found to be steadily increased with a very slow rate even after 
saturation. This gradual increase in carbon was also noticed during the EUV irradiation36, 
51 and it was justified by the accumulation of carbon due to the SE-assisted hydrocarbon 
dissociation process. 
The time dependent behavior of Au signal is given in figure 6.3(c) which confirms 
the role of electron bombardment in modifying surface adsorption rate. The Au signal 
was decreased at a faster rate when the electron bombardment was in use. Based on our 





concentrations of all contaminants at equilibrium (the saturation level) were not found to 
be significantly altered when the electron bombardment was applied. Although the 
adsorption rate was found to be significantly increased during electrons bombardment, 
the saturation concentration at the surface was found to be approximately similar. We 
noticed a significant increase in adsorption rate of water and hydrocarbons on Au mirror 
surface during low energy electron exposure. The same phenomenon had been observed 
repeatedly for different adsorption systems56-58. For example, the adsorption of nitrogen 
on nickel was increased significantly during low energy electron bombardment, 
especially at electron energies higher than 15 eV 56. This phenomenon was explained by 
the effect of electrons in dissociating the N2 molecules and allowing the N fragment to 
interact with the adsorbent surface56. The use of XPS in the present experiment allows us 
to recognize the chemical state of adsorbates. The recorded XPS spectra showed no 
evidence of additional Au chemical state or any shift of the Au pure state (Au0). Based on 
this stability of Au0, we can conclude that all changes of adsorption rates were not based 
on a chemical interaction between the adsorbed molecules and the Au surface, and all 
adsorption process noticed was basically a physisorption. We used Langmuir theory to 
explain some of the observed phenomena.   
Langmuir theory of pure component physical adsorption is based on a very simple 
explanation of the adsorption process as mentioned in equation 1. This denotes the time 
rate of change of total number of adsorbed molecules which is equal to the rate of 





time) minus the rate of desorption Rd (i.e. number of bonded molecules that leave the 
surface per unit time)53, 54.  
𝑑𝑛
𝑑𝑡





 (1 − 𝜃) 
  
𝑅𝑑 = 𝑘𝑑∞ 𝑒𝑥𝑝 (−
𝐸𝑑
𝑅𝑔𝑇
) 𝜃                                                                                                     (6.1) 




,  n is the number of adsorption sites occupied by the adsorbates, m is the 
number of available adsorption site on the adsorbent, α is sticking coefficient of the 
adsorbed molecule onto a bare surface, P is the partial pressure of the adsorbates, M is the 
molar mass of the adsorbed molecules, Rg is the universal gas constant, T is the surface 
temperature, kd∞ is the rate constant of desorption at temperature equal to ∞, Ed is the 
activation energy for desorption. 





        
where,  
𝑏 =




𝑘𝑑∞ √2𝜋 𝑀 𝑅𝑔𝑇
                                                                                                               (6.2) 
                                                                                                   
In UHV atmosphere, the partial pressure of the adsorbed molecules is very low (~10-11 





adsorbed molecules at the surface. Furthermore, the Langmuir adsorption theory 
assumptions of a single monomolecular layer can be reasonably accurate.  
For non-equilibrium case, equation 1 represents a constant coefficient first order 
differential equation that can be solved for n(t) by taking into account the initial condition 
n = 0 at t = 0. Therefore, the solution can be obtained as follows:     
𝑛(𝑡) = 𝐴 (1 − 𝑒𝑥𝑝 (
−α P
𝐴√2𝜋 𝑀 𝑅𝑔𝑇
𝑡))  , 
𝐴 =
𝑚𝛼𝑃 




                                                                                    (6.3) 
                      
where, A is a constant, representing the number of adsorbed molecules at the surface at 
equilibrium (t = ∞). The function n(t) can strongly justify the exponential behavior of the 
accumulation of the adsorbed molecules on the Au surface with time as shown  in figure 
6.3, especially in the case where no electrons were applied to the surface.  Adding 
electrons to the surface can only increase the adsorption rate by either increasing the 
sticking coefficient (α) and/or by increasing the activation energy for desorption (Ed).  It 
should be noted that the effect of any change in α on the adsorption rate is more dominant 
at earlier times of adsorption, while the effect of any change in Ed is more effective at 
later time and it has a maximum value at equilibrium. From figure 6.3 it is clear that, the 
electrons bombardment has increased the adsorption rate in the earlier time, while it 
causes a decrease in the adsorption rate at later time or near the equilibrium 
concentration. Hence, we can conclude that the electron bombardment of the Au surface 





The increase in α can be explained by the role of electrons in creating a temporally 
positively charged gaseous molecules, and by creating a negatively charged Au surface 
due to the fact that the electron yield of the Au surface is less than 1 for 100 eV incident 
electrons, which is proven by our negative sample current measurement at 100 eV. 
Hence, the electrostatic force between the positively charged gaseous molecules and the 
negatively charged surface increases the chance of sticking of these molecules onto the 
surface. At the same time this electrostatic force is not expected to have any role on Ed 
since the positive charge of the adsorbed molecules will be neutralized immediately once 
the adsorbed molecules touch the surface due to the abundance of free electrons on the 
Au surface.  
On the other hand, as can be understood from the decrease of the adsorption rate at 
later time of adsorption, the electron bombardment of the Au surface was found to 
decrease Ed. This phenomenon can be explained by the SE induced dissociation process 
that splits the larger adsorbed molecules into smaller fragments, which in turn can be 
desorbed easily from the surface (i.e. the smaller fragment molecules will require less 
energy to leave the surface back to the gaseous phase).           
More careful analysis was made for the C 1s region because of the importance of the 
carbon contamination of the EUV mirrors in EUVL systems.  
 
The main carbon peak in the C 1s region situated at 284.8 eV was found to be 
composed of mainly two different chemical states41, 42 as presented in figure 6.4(a). 





was found to be situated at 285.4 eV41, 42. The temporal evolution of the surface 
concentration of these two carbon components are presented in figure 6.4(b). In this 
figure we compare the behavior of the two carbon components on the Au surface with 
and without electron bombardment. As can be seen clearly, both components (C-H and 
C-C) were found to follow the same trend observed for total carbon [see figure 6.3(b)] . 
Also we noticed that in both cases (with and without electron bombardment) the increase 
in C-C component was faster and stronger than the C-H component, which implies that 
heavy hydrocarbon molecules with multiple carbon atoms were being accumulated on the 
Au surface. Also a slight increase in C-C component was noticed after saturation only 







Figure 6.4 The peak fitting of high resolution XPS spectrum of (a) C 1s region of 
the Au surface. (b) The temporal evolution of the area under the peak of both 
components of the C 1s region C-C and C-H during 100 eV electron bombardment 
for electron beam current of about 860 nA. The temporal evolution of the same 
components in the absence of electron bombardment (0 nA) are also superimposed 
for comparison  
 
3.6.2   Secondary electron emission mitigation 
As discussed in the previous sections, a large number of secondary electrons are 
emitted from the EUV irradiated mirror surface. The energy distribution of these 
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electrons varies from the kinetic energy of the incident photons to 0 eV16. The lower 
energy part of this spectrum (also called SE) produced due to a slowing down process of 
the high kinetic energy photoelectrons that undergo cascade collisions with other 
stationary lattice electrons. While the higher kinetic energy electrons are generally 
produced due to direct interaction of a photons with valence electrons that bonded with 
the lattice atoms with a minimum BE. These emitted secondary electrons are also 
expected to interact with the next mirror surface posing further contamination in addition 
to the primary contamination process caused by the EUV photons themselves.  
In order to prevent such scenario, one can suggest biasing the mirror surface 
positively at a voltage that is sufficient to create electrical field to decelerate the produced 
electrons and totally mitigate the notorious electron emission. We recorded the 
photoelectron spectrum emitted by Ru mirror surface irradiated by 13.5 nm (92 eV) at 
various sample positive bias voltages in order to check the effectiveness of biasing to 
mitigate the SE emission. As shown in figure 6.5(a), it can be seen clearly that the 
positive bias of the sample largely reduces the intensity of electron emission and shifts 






Figure 6.5. (a) The impact of surface bias voltage on the SE spectrum emitted from 
Ru surface during 13.5 nm wavelength EUV irradiation. (b) The percentage of the 
reduction of the emitted electrons from the Ru surface irradiated by 13.5 nm EUV 
versus surface bias voltage    
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Converting these data to a mitigation percentage, figure 6.5(b) shows that the biasing 
the Ru surface by +36 V mitigates 90% of the emitted electrons and reduced the 
maximum electrons kinetic energy by 36 eV. Meanwhile, biasing the surface by +100 
and +200 volts mitigates more than 98% and 99% of the emitted electrons, respectively, 
and reduces the maximum electron kinetic energy to less than 10 eV. Based on these 
results, we can conclude that the positive biasing of the mirror surface is useful for 
mitigating the SE emission, and that in turn would be advantageous for reducing the 
overall contamination rate in a stack of several mirrors in the EUVL device. 
Now the next question is what is the effect of the surface biasing on the surface 
adsorption mechanism? since the surface charging can cause changes in adsorption rate. 
For answering this question, Au surface was sputter cleaned and immediately biased at 
different voltages, while a series of XPS scans were recorded to track the temporal 
evolution of surface composition. We examined the natural accumulation of the water 
and hydrocarbons at the mirror surface through the adsorption process, and neither 
electrons nor EUV radiations were involved in this contamination process. Figure 6.6 
shows the accumulation of both H2O (O 1s) and hydrocarbons (C 1s) with time at the top 
of Au surface at various sample bias voltages. As can be seen from figure 6.6, changing 
the surface bias voltage and polarity does not have a significant impact on the H2O 
accumulation, and that is also identical to what we have noticed in the first part of the 
experiment (in the case of electron beam off), where H2O contamination level saturates 
after about 200 min. A slight increase in rate of H2O accumulation was noticed when the 
sample was biased by -40 V and this can be justified by the sensitivity of the H2O as a 





of hydrocarbon molecules was not found to be affected by the sample bias voltage [Fig 
6.6. (b)].  
Our results show that the surface bias voltage (up to +200 V) is found to be harmless 
in terms of surface contamination based on adsorption process in high vacuum 
atmosphere. Furthermore biasing the top surface layer of the EUV optics could be a good 
solution to mitigate EUV generated photo-electrons, especially SE that might increase the 
risk of optics contamination in the future EUVL devices. More research should be 
conducted in this direction to explore the effect of the surface bias voltage of EUV 
multilayer mirrors (MLMs) on their optical properties such as EUV reflectivity. For 
example, biasing the Ru capping of Si/Mo MLM could alter the electrons-holes 







Figure 6.6. The temporal evolution of area under XPS spectrum of the O1s 
region(a) and  C 1s (b) regions, showing the evolution of the surface concentration 
of oxygen (H2O) and carbon under different surface bias voltage and polarity 
compared to the case of natural evolution without surface biasing (0 V). , surface 
was scanned in high vacuum atmosphere at ~2.0x10-8 torr.  
0 50 100 150 200 250 300 350 400


















































6.4   Conclusions 
In this chapter, the impact of 100 eV electron beam on the physisorption of 
hydrocarbons and water molecules on Au surfaces was investigated to simulate the 
effects of contaminants on the optical system performance in future EUV devices. A 
noticeable accumulation of H2O and hydrocarbons contaminants on the top of clean Au 
mirror in high vacuum atmosphere was observed. This accumulation was explained by 
the natural accumulation due to the adsorption process. The rate of accumulation of H2O 
and hydrocarbons on the top of Au surface was increased significantly when the surface 
was bombarded by 100 eV electrons. The observed increase in adsorption rate was 
proportional to the electron beam current. This phenomenon of enhanced physical 
adsorption due to electron bombardment was explained by the enhancement of the 
sticking coefficient due to the formation of temporal electrostatic force between the 
adsorbed molecules and the bombarded surface. Also we noticed a decrease in the 
activation energy for desorption of the adsorbates. This decrease is most likely occurs due 
to the SE induced dissociation of larger molecules into smaller fragments, where less 
energy is required to desorb back to the gaseous phase.  
In order to mitigate the electron induced enhanced adsorption of molecules, 
especially H2O and hydrocarbons, we used biasing of the top mirror surface to suppress 
the surface SE emission generated during the EUV-surface interaction. Biasing the Ru 
mirror surface positively by 200 V was found to be useful to cut off more than 99 % of 
the emitted electrons. On the other hand, we found that the positive biasing of Au surface 





high vacuum atmosphere. More research still needs to be conducted in order to 






















CHAPTER 7. HE ION BEAM INDUCED NANOSTRUCTURE FORMATION IN 
TUNGSTEN  
7.1   Introduction 
Tungsten is one of the most promising candidate materials to serve as a plasma facing 
component (PFC) in future fusion devices62. In addition to its superiority in withstanding 
high temperature before melting, tungsten has also a good thermal conductivity and lower 
sputtering yield when bombarded by energetic light ions such as Helium and hydrogen 
isotopes62, 63. Moreover, tungsten has shown low hydrogen isotopes retention 
characteristic compared to other candidate materials63. On the other hand, tungsten as a 
high-Z element is not favorable to be mixed with the plasma. High Z materials 
contamination in the plasma can considerably enhance the radiative heat loss of the 
plasma causing a reduction in confinement time or even a plasma quenching at a certain 
contamination levels 64. The importance of studying the behavior of tungsten-radiation 
interaction rising from this important point. Many research groups around the globe have 
performed a wide variety of experiments for testing tungsten response to a conditions that 
is similar to fusion device environment. Most of these studies investigated the response of 
W exposed to high fluxes of He, D or He/D plasmas63, 65-70. The necessity of conducting 
such experiment raising from the fact that in a fusion device, PFC including W is 





One of the most accepted common grounds between all of these studies is the fact that the 
W surface under high fluxes of He plasma exposure can exhibit a formation of very fine 
nanostructure (nano-fibers) or what the people like to call it “fuzz”63, 66, 69, 71. Tungsten 
fuzz can grow to high thicknesses (as thick as few micrometers) on the top of the original 
W surface66. W-fuzz is a very fragile structure that can be detached from W surface in 
case of sudden stress loads73, 74. The phenomenon of fuzz formation is one of unfavorable 
scenarios that the W parts may develop during the normal operations of the future fusion 
devices68, 73. Unfortunately, This special structure was found to be occurring in most of 
the different grades of W and W-alloys that is being suggested to be used in the future 
fusion device66. Fuzzy W surface can be a significant source for W (high-Z) dust particles 
which can pose a serious threat for the sustainability of a stable fusion reaction75, 76. 
Therefore, minimizing the possibility of formation of high-Z dust is a priority in PFC 
material selection for any future fusion device76. In fact, many events of plasma 
instability and disruptions can create enough stress to break the fuzz77 , and therefore, the 
contamination of plasma by W due to the presence of fuzzy W surfaces in a fusion device 
is always a possible scenario 68, 73. In addition, the presence of fuzz on a tungsten surface 
may alter the thermal properties of the original W surface 77.  
The mechanism of fuzz formation on high-Z and high melting point materials in 
response to He ions irradiation is still not clear 65. Although most of the reported fuzz 
formation cases happened when the surface bombarded by He ions with ions energy less 
than the energy required to displace the target atoms 65, 66, 78, still a considerable surface 
modification was seen. Many researchers believe that the reason behind the fuzz 





The formation and the growth of these bubbles were widely reported in many TEM 
studies71, 82, 83. The He bubbles formation and growth in W due to He irradiation has to be 
occurred through three main scenarios. The first scenario is when the He ions energy is 
greater than the energy required to displace the W atoms from their lattice sites. In this 
case a long with the high percentage of He atoms solute in the W matrix, considerable 
amount of point defects in the original W lattice will be formed. These point defects will 
include a short lived self-interstitials and relatively longer lived vacancies. A fraction of 
these point defect will survive long enough to migrate and agglomerate to create a larger 
two dimensional defects (such as a dislocation loops, caused by the agglomeration of 
interstitials) and a three dimensional defects (such as voids, caused by the agglomeration 
of vacancies ). Now the presence of voids will allow the He solutes to migrate freely into 
these voids. As a result of the He accumulation in these voids, an internal He pressure can 
build up and help in the process of void growth along with vacancies absorption into 
these voids1. In this scenario the growth rate will depend solely on the rate of vacancies 
migration as well as on the internal He pressure inside these bubbles1. The second 
scenario is expected to occur in the case of low energy He ions (lower than the energy 
required to cause atomic displacement) which is the case for the W irradiation conducted 
in this study. This scenario is also the applicable scenario for most of the experimental 
cases where the W-fuzz was reported after He plasma exposure65, 66, 78, 84. In this scenario, 
a Nano-scale He bubbles can be formed due to the migration of the solute He atoms into 
a preferred sites in the W lattice (such as dislocations, grain boundaries, and vacancies. 
Etc.)80, 85, 86. The accumulation of He atoms in these site can build up an internal He 





interstitials and dislocation loops86, 87. The formation of He bubbles in this scenario is 
much more difficult than the first scenario. In fact, one condition required for the growth 
of these He bubbles is that the internal He pressure inside these bubbles has to be greater 
than the strain free energy associated with squeezing self-interstitials into the bubble’s 
surrounding lattice. Moreover, the rate of self-interstitials emission determines the rate of 
the volumetric growth of the He bubbles. The mechanical strength of the surrounding W 
matrix is another factor which need to be taken into account when we consider He bubble 
situated near the surface. Blistering occurs when the He bubbles internal pressure is 
greater than the mechanical strength of the materials that separate the He bubbles from 
the outer surface (bubble cap). Therefore, deformation, cracking, or even complete 
breakage of the cap materials are a common blistering features67, 88-90.  
On the on other hand, the increased He internal pressure inside these newly formed 
bubbles will also promote the backward migration of the He atoms from the bubbles to 
the W lattice 1. For this reason. The internal pressure of He bubbles is expected to be 
maintained at a fixed value (at equilibrium) during the bubble growth process.  The 
internal He equilibrium pressure is largely depends on the He concentration in bubble’s 
surrounding lattice. Therefore, only appreciable He concentration in the matrix 
surrounding the He bubble will guarantee a forward migration of the He atoms into the 
bubble even at high bubble pressure. The maximum achievable He pressure will always 
be dictated by the He concentration in the bubble’s surroundings and therefore the 
bubbles growth rate is also a He concentration dependent. On the other hand, the flux of 
He ions during the bombardment governs the He concentration in the sample matrix. 





formation is always preferred to occur near the irradiated surface79 where the He 
concentration is maximum. The temperature of the sample is another important factor 
because it govern the energy of formation of self-interstitials in the W lattice and the rate 
of interstitial diffusion. The higher temperature the lattice is the higher self-interstitial 
formation rate.   
In this investigation, we are presenting the evolution of the W surface morphology in 
response to 300 eV He ion irradiation. The uniqueness of this investigation that it is 
showing the process of the W-fuzz structure formation during ion beam bombardment. 
All the other previous studies show the Fuzz formation after He plasma exposure.      
 
7.2   Experimental setup 
The experiments had been performed in IMPACT facility at the center for materials 
under extreme environment at Purdue University19. Several 0.5 mm thick Pure (99.95% 
W) cold-worked sheet of W were cut and mechanically polished to a mirror-like surface 
finish. Each sample was sputter cleaned by 1 keV Ar+ ion beam (current density ~10 
mA/cm2 at the beam center) for 2 minutes at room temperature. After that, each sample 
were heated to 900o C and irradiated at normal incidence by pure He+ ion beam at a fixed 
flux (5.5x1020 ion/cm2.s). The irradiation dose was varied for different samples. Both He 
and Ar irradiations were performed using KRI-KDC-10 ion source that is attached to the 
irradiation chamber in IMPACT facility. This vacuum chamber has a base pressure of 
3.0x10-9 torr. Vacuum chamber pressure during He irradiation was fixed at 1.0x10-3 torr. 





process to assure the purity of the irradiation process. More samples were irradiated at 
lower fluxes to study the effect of He ion flux on the surface morphology evolution of the 
irradiated sample. The effects of He incident particle energy on the surface morphology 
evolution were studied by irradiating positively biased samples at various bias voltages. 
Finally, for the sake of comparison with W, Mo, and Ta samples were irradiated by He 
ion beam.               
 
7.3   Results and discussion 
A pure W samples were bombarded by high fluxes of He+ ions (5.5x1020 ion/cm2.s at 
the sample center) at a sample temperature of 900oC. the irradiation process were carried 
for 1.68x104 s reaching a total He ions fluence of about 9.2x1024 ion/cm2 at the sample 
center (ion beam center). Two main distinctive areas were visually noticeable on the 
surfaces of the sample after irradiation (bright and Dark) as can be seen in figure 7.1. The 
visual appearance of the irradiated sample is shown in Figure 1-a. As can be seen in this 
figure, a clear bright circular area centered on the ion bean center surrounded by very 
dark or black colored (fuzz structured) area. The chemical composition of both areas 
were measured and crosschecked by XPS and EDS (not shown), both measurements 
show only pure W in both distinctive Areas. The reason behind the color variation 
between these two areas is the variation in surface optical properties between these areas. 
W surface structured with nano-rods structure (fuzz) is known to be very dark (i.e., 
excellent visible light absorber)91. Figure 7.1-b shows a low magnification SEM image of 
the entire irradiated sample. The SEM image shows an inverted contrast colors compared 





appearance is also expected and justified by the fact that the fuzz-structured W surface 
has a higher electron-electron yield than the non-structured surface 92, therefore it appears 
brighter in the SEM microscopy. In between the two distinctive regions, we found a 
transition region that is composed of a mixture of dark and bright areas. The areal density 
of the dark area (optically dark) is found to be increasing to reach a full surface coverage 
within 0.8 mm distance from the edge of the fully bright area as shown in Figure 7.1-c. 
Higher magnification SEM microscopy revealed that the bright area (optically bright) 
were also nanostructured but with much finer structure and much lower features height to 
width aspect ratio (smoother). Figure 7.1-d shows an example of area composed of these 
two distinctive surface structures. In this figure the details of the structure in the bright 
area (the darker in the SEM image) cannot be seen clearly due to the large difference in 
size of the nano-features between the two areas. More details about the shape of the 






Figure 7.1. The main characteristic of the irradiated sample physical appearance, the 
sample was bombarded by 300 eV of He ions (flux=5.5x1020 ions/m2s at the sample 
center) for 1.68x104 s, the irradiated sample photo a), irradiated sample SEM image b), 
low magnification SEM image of the transition region c), and higher magnification SEM 
image of the transition region showing the two main nanostructure observed d)   
 
The chemical composition of both regions were measured by in-situ XPS and found 
to be identical to each other. As shown in Figure 7.2, the XPS spectrum shows a pure W 






be seen in Figure 7.2-a. This minor oxygen presence in the surface is most likely due to 
some water adsorption on the target surface occurred after the irradiation process51. High 
resolution XPS of the W-4f region (Fig-7.2-b) confirms the absence of W oxide and 
support our conclusion of the presence of oxygen was due to water adsorption. In this 
region only peaks of pure state of W were found. The W 4f 7/2 was found to be situated at 
31.4 eV, while the W 4f 5/2 positioned at 33.57 eV. These values were found to be in 
agreement with most accepted peaks values for pure state of W 21.  
 
Figure 7.2. XPS of the sample mentioned in figure 1. XPS full spectrum a), and high 
resolution XPS spectrum for the W 4f region 
 
For now, we are going to postpone the discussion about the reason behind the 
formation of these two distinctive regions. And we are going to discuss in details the 
characteristics of structures of the W fuzz in the dark region and how they evolved during 






7.3.1 Ion beam induced W fuzz formation 
7.3.1.1   Effect of He fluence  
The characteristic of the ion beam induced nanostructure in the sample fuzzy region 
were further studied. The impact of the total He+ fluence on the fuzz evolution were 
studied by irradiating several W samples at a fixed ions flux (5.5x1020 ion/m2s at ion 
beam center) by various irradiation time for each sample. During irradiation all samples 
were heated equally to 900o C. The first sample were irradiated for 70 min to reach a 
2.3x1024 ion/m2 of total He+ dose at the ion beam center. Figure 7.3-a shows SEM image 
of the irradiated surface. At this stage of irradiation a small nano-features (nano-dots) 
start to appear (grow) on the sample surface, these nano-features is noticed to be having a 
round or nearly round shape. We believe that this stage is the very early stage of the fuzz 
formation63. The second sample were irradiated at the same condition for longer time 
(166 min) to reach a fluence of 5.5x1024 ion/m2. The irradiated surface is shown in Figure 
7.3-b. as it can be seen in this SEM image, the small nano-features grown bigger and they 
start to have more random shape. After that, anther sample was irradiated for higher He 
dose (9.2x1024 ion/m2) as shown in figures 7.3-c. The SEM images presented in this 
figure shows a considerable vertical growth for the previously noticed nano-features. At 
this stage of surface evolution, the surface features is more tend to be fuzz. Further 
vertical growth toward more fuzzy structure was seen by increasing the irradiation time 






Figure 7.3. SEM images of nanostructure formed in the samples dark regions all the 
samples were bombarded by 300 eV of He ions (flux=5.5x1020 ions/m2s at the sample 
center) for different irradiation  dose per each sample, the SEM images taken at angle of 
view of 52o. The irradiation doses that had been received for each sample are:  2.3x1024 
ions/m2 a), 5.5x1024 b), 9.2x1024 c), and 1.6x1025 d) 
 
From the previous discussion, we reached a preliminary conclusion that the W-fuzz is 
seemed to be formed as a nano-dots structure on the sample surface and grow vertically 





important observation and it might help us in understanding the nature of the W-fuzz 
growth mechanism.  
Although the information shown in figure 7.3 is vital to demonstrate the vertical 
evolution of the observed nanostructure, more details are still hidden. As a matter of fact, 
all of the SEM images shown in Figure 7.3 was taken at an angle of view of 52o. Another 
set of top view images will help to reveal the lateral evolution of the surface features as 
well. Figure 7.4 shows an example of the major deference between the appearance of the 
surface nanostructure in both angle of views (0 and 52 degrees). This figure shows the 
case of the very early stage of W fuzz formation at a He dose of (2.3x1024 ion/m2). Figure 
7.4-a shows SEM image of the surface structure observed at an angle of view of 52 
degrees. In fact, Figure 7.4-a is just a higher magnification version of Figure 7.3-a and it 
only shows the above-mentioned nano-dots structure that rises above the surface level. 
On the other hand, when we observe the same structure from a 0 degree (Top view) the 
SEM image reveal a presence of a network of surface holes in between the nano-dots as 
shown in Figure 7.4-b. the presence of both surface features (dots and holes) were also 






Figure 7.4. SEM images at various angles of views showing the main differences in a 
nanostructure appearance. , the sample was bombarded by 300 eV of He ions 
(flux=5.5x1020 ions/m2s at the sample center) for a fluence of 2.3x1024 ion/m2. The SEM 
images were taken at 52o a), and at 0o (top view) b), and cross-sectional SEM image c)  
 
Our next goal is to assess the impact of the He irradiation fluence on the lateral 
evolution of the irradiated structure at the sample surface. Figure 7.5 shows SEM images 
of the fuzzy regions of the irradiated W samples at different irradiation doses. This figure 





angle of view (top view). As it can  be seen clearly in this figure, beside the vertical 
growth of the structure that had been discussed earlier (Fig-7.3), the network of 
nanoscopic holes (pinholes) in between the surface nano-dots (evolved to nano-rods at 
higher doses) exhibit a dramatic broadening in their size by increasing the He dosage. 
The holes growth in size is also associated with coalescence between the adjacent holes. 
This coalescence is evidenced by the transformation of the shape of the holes from small 
and nearly round (figure 7.5-a) to big and irregular in shape (figure 7.5-b,c and d). At the 
same time we have also noticed a thinning of the walls that separate these holes. Taking 
into consideration the vertical growth of the surface nano-features in between these holes 
as we discussed earlier, it is clear now that the excess materials that result from the 
growth and the coalescence of the surface holes migrate upward and cause the vertical 
growth of the nanostructure. The presence of the surface nanscopic holes after high doses 
of He plasma exposure was also reported in many occasions in literature 82, 93, 94. Kajita et 
al.63 suggested a hypothesis to explain the formation of the surface pinholes. In their 
hypothesis, they rely on the localized temperature gradient that might be formed within 
the tungsten sub surface region due to the presence of progressively growing He bubbles. 
In their approach they assume that the He plasma exposure is the main source of the 
sample heating. Therefore, the temperature of the W materials that exist in between the 
irradiated surface and a He bubble might be high enough to cause melting and bubble 
opening to form a surface pinhole63. Then these pinholes can be broadened by further 
coalescence with other He bubble that surround the initial pinhole internal walls63, 81, 84, 93. 
Although the excessive temperature rise of W region between the irradiated surface and a 





same heat flux will allow the smaller fuzz features to survive without melting or even 
evaporation.  
 
Figure 7.5. SEM images of nanostructure formed in the samples dark regions (fuzzy 
structured regions) all the samples were bombarded by 300 eV of He ions (flux=5.5x1020 
ions/m2s at the sample center) for different irradiation  dose per each sample, the SEM 
images taken at angle of view of 0o. The irradiation doses that had been received by each 
sample are:  2.3x1024 ions/m2 a), 5.5x1024 b), 9.2x1024 c), and 1.6x1025 d) 
 
Our results show similar surface pinhole formation phenomena. In our case, the 
sample were heated separately from beneath the exposed surface. Therefore, in absence 
of He irradiation, the surface temperature has to be less than the temperature of the 





separately was crucial for rising the sample temperature to 900oC. The maximum 
temperature that the sample can reach during the ion bombardment in the absence of 
additional sample heating is only about 200oC. On the other hand, when the sample 
preheated to 900oC, the total rise in sample temperature due to the He ion bombardment 
was found to be around (5 to 10) oC only. Taking into consideration that the peak heat 
flux supplied by the He ion beam at the sample center is 0.026 MW.m-2 (calculated at a 
He ions flux of 5.5x1020 ion/m2s), and the sample heater is estimated to supply about 
0.065 MW.m-2 of steady state and uniform heat flux across the sample area. This fact 
implies that for a flat (non-structured) sample, the surface temperature should be lower 
than the bulk region of the sample even during the He irradiation. Moreover, the 
formation of He bubbles beneath the irradiated surface will decrease the surface 
temperature by reducing the heat flux from the sample bulk region toward the irradiated 
surface. Since the same pinhole formation phenomenon have been also observed in our 
case (low surface heat flux), the hypothesis of excessive heating of He bubbles caps is not 
the real reason behind the surface pinhole formation. 
As it was discussed in the introduction, the role of He bubbles formation and growth 
within the lattice of the irradiated W was reported in literature to be the most anticipated 
factor believed to be responsible for the surface morphology evolution of W surface 
during He irradiation 65. As it is being suggested, a pressure build up inside He bubbles 
due to continuous He accumulation in these bubbles can be significant enough to cause 
these bubbles to grow. Although this mechanism is correct for describing the bubble 
growth, it may not be applicable to the case of surface pinholes broadening that we have 





study happened to holes that are open to atmosphere and therefore it is difficult for He 
pressure to build up inside them. The observation of the progressively broadening 
pinholes and growing nano-rods gives strong indication that these phenomena might be 
mainly caused by surface diffusion.   
The justification of such surface structure evolution is thermodynamically 
impossible at equilibrium without considering additional acting forces. Theoretically, any 
microstructural change in metals (as thermodynamically closed system) has to be 
justified by lowering the total free energy of the system95. Therefore, the changes have to 
transfer the metallic microstructure from unstable to more stable structure95. The total 
free energy of any solid metallic system is usually determined by the balance of three 
main components, the volume free energy, the surface energy (surface tension) and the 
strain energy95. The volume free energy can be characterized by the tendency of atoms to 
get together in a certain crystalline structure, therefore this energy will be in a favor of 
the growth of crystal volume95. The surface energy can be defined by the amount of 
energy required by the system to create new interfaces95. The strain energy can be 
defined by the system resistance to the presence of new region that have a different mass 
to volume ratio (volume misfit)95. In the case of very fine structure such as the W-fuzz, 
the surface energy has a superior role over the other energies due to the large surface to 
volume ratio. This fact explain the impossibility to find a naturally occurred fuzz 
structure for any metallic system. The reason behind that, the fuzz structure has a huge 
surface to volume ratio, which necessarily required a large amount of energy to create all 
of that interfaces. On the other hand the formation of this structure is already happening 





One example that naturally happens to transfer a structure against the role of surface 
energy is the recrystallization process. This process exhibit a spontaneous transformation 
from a low interfacial and high strain energies structure toward low strain and high 
interfacial energy structure which result in lowering the total free energy to the entire 
system. This process has to be carried out by the diffusion of atoms from the original cold 
worked (strained structure) toward a newly formed strain free structure. Although this 
type of transformation occurs due to completely random processes (atomic diffusion), the 
entire transformation process can be precisely described by an organized atomic 
migration from the old structure to the new structure. This kind of discrepancy between 
the theoretical definition of the atomic diffusion as a random process and the reality of an 
organized migration of atoms from region to region can be explained by the difference in 
the atomic migration free energy between the original and the newly formed structure. 
The resultant of this random motion of atoms will have a net flow toward the newly 
formed structure.      
We believe that the same analogy of transformation could also be applied for the 
surface evolution of the W under high flux of energetic He ions bombardment. The 
similarity between the two processes is that, before the recrystallization process the total 
free energy of the structure increases due to the increased dislocation density as a results 
of a plastic deformation. On the other hand, the total free energy of the W structure near 
the surface increases due to the presence of high He concentration in the W lattice. This 
concentration can reach values that are far above the W solubility (due to the forced flow 





Therefore, the W structure strain energy will lead the increase of the total free energy of 
the structure and make it thermodynamically unstable.  
The dissimilarity between the two processes is the mechanism of transformation or 
system energy reduction. The process of recrystallization lower the free energy of the 
system by the formation of newly strain free structure through a process of atomic self-
diffusion. The same mechanism may not occur in the case of He supersaturated W 
structure, due to the big difference in diffusivity between the host atoms (W) and the 
solute atoms (He). The easiest response will be the reduction of He concentration (i.e., 
reduction of the strain energy due to the presence of He in the lattice) by nucleation and 
growth of He bubbles. He bubbles growth in our irradiation conditions (non-displacement 
irradiation) has to be carried by the process of self-interstitials emission. These self-
interstitials is fast moving atoms that can easily move to the top surface. Although the 
self-interstitial emission is isotropic process, we believe that the presence of the top 
surface as a strong self-interstitials sink will create net flow of the self-interstitials toward 
the surface. However, the accumulation of the self-interstitials in the opposite direction 
(away from the top surface) will result in the formation of dislocation loops within the W 
lattice. This process of dislocation loops formation can reach a saturation due to the strain 
energy associated with the high density of dislocation loops. The saturation of the 
dislocation density in the subsurface region is expected to occur shortly after the 
irradiation process begin. In this dislocation loops saturated regions the rate of self-
interstitial absorption by the dislocation loops will be equal to the rate of self-interstitials 
emission from them. Therefore, the self-interstitials migration trend will be effectively 





The accumulation of these newly arrived self-interstitials on the sample surface can 
explain the formation of the amorphous 78 nano-rods (fuzz) structure. The energy of 
formation of self-interstitials is lower at higher temperature. This fact explain the general 
reported observation that the He bubbles tend to grow larger at higher temperature. This 
also explain the fact that the growth rate of the fuzz layer thickness is higher at higher 
temperatures.  
The W self-diffusion in the W lattice during He irradiation will behave differently. 
We believe that the presence of high concentration of He within the W lattice will jam 
and freeze the W atoms self-diffusion process. The self-diffusion process occurs when a 
lattice atom jump into a vacant site. Therefore, it is really hard to imagine the presence of 
vacant lattice sites within a supersaturated W structure. Instead, all the vacant sites will 
be filled with multiple He atoms (He-vacancies complexes). This He occupation will 
restrict the jumping of the W atoms into the occupied vacant site. As a result self-
diffusion process will be completely parallelized. The degree of the self-diffusion 
freezing process may solely depend on the lattice He concentration. Therefore, the effect 
of He will be much higher near the top surface. This hypothesis of jammed W self-
diffusion is necessary to explain the stability of the surface elongated features such as the 
W nano-rods during the He bombardment.    
The role of He in self-diffusion prevention is not applicable on the case of W surface 
diffusion. W atoms can diffuse freely on the top surface. Hence, the surface diffusion 
process could be major atomic transfer mechanism that might be effective in the case of 





process could be responsible for the migration of the W self-interstitials once it arrive to 
the top surface and help in accumulation of atoms on the tip of the W nano-rods  
It is worthwhile to mention that such surface migration phenomenon may be coupled 
with the parallelized bulk diffusion process as we mentioned earlier. Otherwise, a 
backward bulk diffusion process is expected to initiate an internal backward flow of 
atoms from the tip of nano-fiber toward its root to minimize the increasing surface energy 
of the system. This trend of reversible flow was confirmed by annealing of the fuzzy 
tungsten surface to a higher temperature, where obvious reduction in the W-fuzz height 
were reported. The observation of reduction in W- fuzz thickness after annealing is very 
useful and it leads us to two important points. The first point is that, W-fuzz structure is 
thermodynamically unstable structure. Therefore, it has the ability to reverse itself to 
lower its total free energy. Generally speaking, the unstable metallic structures appear 
when the transformation is too fast or the diffusion process is too slow (bulk diffusion) to 
maintain the possible minimum free energy. In fact, the transformation of the W sample 
from a smooth to fuzzy surface is a slow process, and is developed over relatively long 
time. These facts leads to the second point that the W self-diffusion process has to be 
significantly slow during the He irradiation process. This agrees with our previous 
assumption of the role He presence within the W-lattice in mitigating the W self-
diffusion process. 
The final stage that can lead to formation of the nano-structure is the surface 
diffusion and the redistribution of the newly arrived surface atoms (i.e., the self-





to arrive and set singly on the top surface. In this situation, these surface atoms will have 
a minimal binding energy and they are susceptible to diffuse freely on the top surface. 
Now the factor that determine the final destination of these atoms is still missing. The 
experimental observation confirm the progressive growth of only small part of the surface 
to form the nano-rods structure. We assume that the tips of these nano-rods are the 
preferred destination for the surface W diffused atoms. In an intense surface diffusion 
situation, any local increase of the surface binding energy in some surface spots will 
create a net-flow of atoms to ward these spots and allow them to grow. One major factor 
that can alter the surface binding energy is the charge distribution on the surface. We 
believe that a localized spatial fluctuation of the charge density on the surface during the 
He ions or plasma irradiation is a possible scenario. Therefore, that might help to guide 
the surface diffusion to cause a growth of localized spots on the irradiated surface. The 
nature of the surface charge spatial fluctuation is expected to be solely depends on many 
factors such as the electrical properties of the irradiated surface and the characteristics of 
the irradiating plasma or ion beams.   
 
7.3.1.2   Effect of He ions flux     
The effect of He ion flux on the evolution of the surface in the sample dark region 
(fuzzy) had been studied. Three pure W samples (99.95%) were prepared and irradiated 
by 300 eV He ion beam at various ion beam fluxes. Other irradiation parameters such as 
sample temperature (900oC) and He fluence (1x1025 ion/m2) were fixed for all three 





appearance of the irradiated samples. As we mentioned earlier, the fuzz formation on a W 
sample surface cause noticeable darkening. We have also noticed from the He dose study 
mentioned in the previous section, that the darkening appearance of the surface is always 
proportional to the thickness of the fuzz layer formed on the W surface i.e. Thicker W 
fuzz gives darker surface appearance. The same observation was also seen in the case of 
various beam flux. Despite the long irradiation time for the sample that was bombarded 
by low ion flux (2.0x1020 ions/m2.s) the sample surface after irradiation shows very fade 
darkening (almost no change). Moreover, the nanostructure of the irradiated surface was 
found to be still in the very early stages of fuzz formation as shown in figure 7.6-a.  
Increasing the He ion flux to (3.2x1020 ions/m2.s) cause a noticeable darkening in the 
sample fuzz region. The surface SEM images confirm the growth of W fuzz in this region 
as shown in figure 7.6-b. the third sample confirm the trend of flux dependent W fuzz 
growth rate. This sample was irradiated at higher flux (5.5x1020 ions/m2.s) for shorter 
period of time. The irradiated sample surface was darker than the previous two samples 






Figure 7.6. SEM images of nanostructure formed in the samples dark regions (fuzzy 
structured regions) all the samples were bombarded by 300 eV of He ions (dose=1x1025 
ions/m2s at the sample center) at a samples temperature of 900oC. The ion beam flux was 
varied for each sample as well as the irradiation times. The ion beam fluxes that was 
selected for each sample are:  2.0x1020 ions/m2.s a), 2.0x1020 ions/m2.s b), 3.2x1020 
ions/m2.s c), and 5.5x1020 ions/m2.s d) 
 
In addition to the He dose dependency of the W fuzz evolution phenomenon, the He 
ions flux found to have a vital role. The higher the He ion flux result in more fuzz growth 





The reason behind this dependency is the fact that He ion flux is the most important 
factor that determines the He concentration in the W subsurface lattice. This later 
parameter is the parameter that govern the internal He pressure in the He bubbles that 
forms in the W lattice. Therefore, the He bubbles internal pressure dictates the rate of 
self-interstitials emission which in turn determines the rate of fuzz growth. 
 
7.3.2   Bright region analysis (sample center) 
In return to the bright spot in irradiated samples centers. Figure 7.7 shows SEM 
images of the nanostructure observed in the bright regions. Although each sample center 
received higher dose of He irradiation, no fuzz was formed in all cases of different doses. 
Moreover the nanostructure in this region of the sample was found to be very fine 
compared to the dark fuzzy regions and it responded to the increased dose of He 
irradiation in a different way. As can be seen in figure 7.7, at low dose (2.3x1024 ion/m2) 
the surface exhibit a formation of nanoscopic holes (figure 7.7-a) similar to what we 
observed in the fuzzy region at the same fluence (Fig 7.6-a). At a higher fluence 
(5.5x1024), the surface holes found to be decreased in their size and areal density (figure 
7.7-b). the surface nanostructure remains unchanged at even higher doses (9.2x1024 and 
1.6x1025 ions /m2) as shown in Figure 7.7-c and 7.7-d respectively. This surface response 
to higher flux of He+ ions in the sample center is totally strange provided that, the same 
samples exhibit a fuzz growth at lower fluxes. These observation leads us to conclude 
that this part of the surface (sample center) might be subjected to erosion during the He 





series of more irradiation experiments were performed and will be discussed in the 
following few paragraphs.  
 
Figure 7.7. SEM images of nanostructure formed in the samples bright regions (samples 
centers). All the samples were bombarded by 300 eV of He ions (flux=5.5x1020 ions/m2s 
at the beam center) for different irradiation dose per each sample, the SEM images taken 
at angle of view of 0o. The irradiation doses that had been received by each sample are:  






The main thing that might be valid to explain the presence of these two distinctive 
structures is the flux dependence. As a matter of fact, the ion beam used in samples 
irradiation was slightly focused and it has a Gaussian spatial flux profile as shown in 
Figure 7.8. Projecting the ion beam profile on the irradiated sample image as it appears in 
Figure 7.1-b, shows that the W-fuzz formed only at ion fluxes of less than 2.67x1020 
Ion/cm2.s. The central part of the sample was exposed to He ions at fluxes that are higher 
than this value and therefore a very fine and smooth nanostructure was formed. 
 
Figure 7.8. The special profile of the ion beam used for irradiating the W samples. The 
figure shows the window of fluxes at which the W fuzz structure had been formed 
 
In order to test this hypothesis of the flux dependence of the nanostructure 
formation. Another W sample was bombarded by a reduced flux of He ions (3.2x1020 
ion/m2s at the beam center) for 9 hours (fluence of about 1.0x1025 at the beam center) at 





bombarded sample also exhibit the formation of two distinctive regions (i.e., a bright 
center surrounded by black area). The SEM images of the bombarded samples confirms 
the presence of W fuzz in the sample dark region and a much smoother structure in the 
sample center. Projecting the sample SEM image (shown in figure 7.9-a) on the reduced 
flux beam profile (shown in figure 7.9-b) reviled that the fuzz formation was only formed 
at ion fluxes below (1.97x1020 ion/m2s). This reduction in the “fuzz-formation flux limit” 
implies that the fuzz formation might not be directly dependent on the ion flux. Instead, it 
might be indirectly related to the ion flux through other factor such as the surface 
temperature or surface sputtering. 
 
Figure 7.9. The results of the reduced flux experiment. Low magnification SEM image of 
the irradiated sample a). The special profile of the He ion beam used in the reduced flux 
experiment b). The figure shows the window of fluxes at which the W fuzz structure had 
been formed 
 
Sample temperature is another factor might explain the variation in surface structure 
formation across the sample. In our experiment, the sample is heated by a conventional 





warrant a uniform temperature distribution across the area of the sample. He ion beam is 
the other source of heat which is going to deposit all of its power right at the sample 
surface. It is known that the fuzz formation process is also has a strong  temperature 
dependence 63. It has been widely reported that the W fuzz formation process occurs at 
surface temperature window between 1000 K and 2000 K 63. Still this temperature 
window is large enough to accommodate all the temperature gradient that might be 
occurred on our flat sample surface.  
One explanation that might be valid in our case is that, the W surface in this region 
exhibit a surface sputtering and therefore, our 300 eV He ion caused slight surface 
erosion especially in the high flux regions. Although we have selected our He ion 
indecent energy (300 eV) to be lower than the sputtering threshold of W, sputtering 
threshold is known to be a function of the surface binding energy. The surface binding 
energy could degrade under intense beam bombardment and fragile structure. Moreover 
the power flux supplied by the ion beam can raise the sample surface temperature in the 
sample center even slightly higher. Therefore, the sample center regions might have a 
higher chance of erosion. TRIM simulation result shows that the He on W sputtering 
energy threshold is around 350 eV. Typical plot of sputtering yield of W versus He ions 
incident energy according to TRIM calculation is shown in figure 7.10. As it can be seen 
in this figure the sputtering yield threshold was found to be around 350 eV. In fact, the 
sputtering yield at 300 eV was found to be zero while at 350 eV was found to be (0.0078 
atom /ion). Assuming a slight dip in the sputtering yield threshold to 300 eV (equal to the 
incident energy in our ion beam) or slight uncertainties in beam energy and assuming the 





fluence of 1x1025 ion/m2 will cause a W surface erosion by 1.6 μm. This amount of 
erosion is definitely high enough to prevent the W fuzz formation. Another reason makes 
us closer to embrace this erosion hypothesis is that a similar W surface structure were 
also reported for the case of high energy He irradiation93, 94. 
 
Figure 7.10. Plot of sputtering yield of W versus He ions incident energy according to 
TRIM calculations 
 
Regardless of what we discussed earlier about the possible W surface erosion that 
might occurs during He irradiation, this hypothesis doesn’t explain the formation of W 
fuzz in areas that is slightly off the sample center. Also the assumption of the dip in the 
sputtering threshold at higher temperature is not confirmed yet. In order to test the 
possible sputtering mechanism, W samples were irradiated at lower He ion energies. 





ion/m2) and ions flux at 5.5x1020 ion/m2.s were fixed for all three samples. Only the ions 
incident energy was varied by varying the sample bias voltage. This experiment will test 
whether the bright spot in the samples center will tend to shrink, fade or disappear at 
lower He ion energies. A photo of the post irradiated samples is shown in figure 7.11. 
Surprisingly, reducing the He ion energies shows no impact on the bright regions in the 
sample center. More over the size of these bright regions were find to be nearly the same 
(no shrinkage). Instead, the samples dark regions (fuzzy areas) were found to be fading 
out with lowering the He ions energy. As a matter of fact, the decrease of the W surface 
darkening in the surface fuzzy area can only be explained by thinner fuzz thickness which 
implies a slower growth rate in the case of lower He ions energy.  
 
Figure 7.11. Photo images of the samples bombarded by He ions (dose=1x1025 ions/m2s 
and flux= 5.5x1020 ions/m2.s). Samples temperature during irradiation was fixed at 







The effect of He ion energy on the evolution of surface in dark region of the sample 
(fuzz structured areas) was further investigated by SEM. The first sample was biased by 
+160 V and therefore, the ions are expected to hit the surface by an incident energy equal 
to 140 eV. Although the sample were irradiated at high flux for 5 hours, the surface 
structure (nano-rods) (Fig 7.12-a) was found to be much shorter than what we usually see 
at the same irradiation dose and flux when we bombard the surface by 300 eV He ions 
(Fig-7.12-c). The surface structure after 200 eV ion irradiation found to be grown to an 
intermediate stage that is somewhat in between the 300 eV and the 140 eV cases.  
 
Figure 7.12. SEM images of nanostructure formed in the samples dark regions (fuzzy 
structured regions) the samples were bombarded by He ions (dose=1x1025 ions/m2s and 
flux= 5.5x1020 ions/m2.s). Samples temperature during irradiation was fixed at 900oC. He 
ion incident energy was varied for each sample by applying positive bias voltage. He ion 






The results obtained by this experiment were very important to confirm that the 
bright region in the sample center was not formed due to He ion erosion. Also it was very 
interesting to notice the strong He ion energy dependence of the fuzz growth outside the 
sample center. This observation actually added one more possible scenario that might 
explain the presence of the bright unstructured region in the samples center. Since 
reducing He ions energy results in reduction of the fuzz thickness in the areas that is off 
the ion beam center, atomic migration from the sample central area toward the edges 
might be responsible for further atomic build up in edges areas which contribute to faster 
growth rate of the nanostructure in the fuzz structured area compared to the central area. 
This assumed migration can be enhanced at higher energy which can explain the energy 
dependence of the fuzz growth. Another experiment was made to test this possible 
scenario. In this experiment, W sample was specially prepared by adding three long cuts 
to separate the sample central region from the surroundings as shown in figure 7.13. 
These cuts will act as a barrier to the surface continuity between the center and the edge 
regions. Therefore, no surface diffusion or flow of atoms can cross this surface barrier to 
cause an atomic build up in the regions next to these surface barriers. The irradiated 
sample is shown in figure 7.13. It can be seen clearly that these introduced surface 
barriers shows no effect on the presence of both dark and bright regions in the sample 
surface. Moreover, the circular shape of the bright region was completely unaffected by 
the presence of these cuts. Hence, we concluded that the scenario of atomic surface 
migration across the sample surface is invalid. Also we concluded that the presence of the 





and the sample surface. Therefore what makes all the difference, is a variation in the 
characteristics of the charged particles distribution across the ion beam diameter.  
 
Figure 7.13. Photo images of the samples bombarded by He ions (dose=1x1025 ions/m2s 
and flux= 5.5x1020 ions/m2.s). Samples temperature during irradiation was fixed at 
900oC. The sample was specially prepared by introducing three cuts to cause surface 
diffusion barrier from the sample center toward the sample’s edges 
 
7.3.3   He ions induced surface morphology evolution of Mo and Ta 
Surface morphology evolution of other high melting point materials such as Mo and 
Ta are interesting to study. W is still the most favorable candidate to serve in the future 
thermonuclear device’s PFC due to its very high melting point. The W tendency to form a 
very fine and brittle nanostructure such as fuzz in response to He plasma exposure is a 
major disadvantage. Other high melting point materials could also be possible candidates. 
In this study we also aimed to investigate the response of the surface of other candidate 





to do so, Mo and Ta samples were prepared and irradiated by 300 eV He ions (flux= 
5.5x1020 ions/m2.s and dose=1x1025 ions/m2) at high temperature (900oC). After that, the 
irradiated surface was observed by SEM.  
Figure 7.14 shows SEM images of the Mo surface after the He ion irradiation. As it 
can be seen clearly Mo surface was also found to develop a fine nanostructure similar to 
what we have noticed in the case of W. figure 7.14-a shows a top view of the irradiated 
surface where a network of pinholes (similar in their size) was formed in between a 
higher elevation nano-dots structure. Looking at the same surface from 52o angle of view 
(Fig 7.14-b) shows the growth of the nano-dots above the surface. Here it is very 
important to mention the rate of nanostructure growth in Mo is much lower compared to 
W.  
 
Figure 7.14. SEM images of nanostructure formed on the surface of Mo samples after He 
ion irradiation (dose=1x1025 ions/m2s and flux= 5.5x1020 ions/m2.s). At sample 
temperature of 900oC  the two images shows the surface in two angle of view, a top view 






Moreover, the surface of W that was irradiated by He ions at similar flux and dose shows 
much more advanced growth (Fig 7.12-c). In fact, we know that Mo structure can grow to 
develop fuzz like structure at higher dose of irradiation under the same irradiation 
conditions. 
In another experiment, Ta surface after He irradiation shows no tendency to form 
nanostructure similar to W or Mo. Instead, Ta surface was found to develop a large 
number of surface pinholes (Fig 7.15-a) with a very high areal density compared to the 
surface pinholes found in W and Mo. Higher magnification SEM image (Fig 7.15-b) 
shows that these Ta surface pinholes was also found to be random in their size and shape 
unlike the other case of W and Mo where the surface pinholes tend to be approximately 
similar in their size and shape.  
 
Figure 7.15. SEM images the Ta surface after He ion irradiation (dose=1x1025 ions/m2s 
and flux= 5.5x1020 ions/m2.s). At a samples temperature of 900oC. The two images shows 






The most important observation in the Ta case was the lack of any surface features that 
has any growth tendency such as nano-rods or nano-dots. Because of the absence of such 
features we concluded that Ta couldn’t fully develop fuzz formation under these 
irradiation conditions.   
 
7.4   Conclusions 
A series of pure W samples were irradiated by high fluxes of low energy He+ ions for 
high doses at 900oC. The phenomenon of He ions induced fuzz formation was the most 
prominent observation that has been noticed in most of the irradiation cases. Several 
attempts have been made to understand this phenomenon by varying many irradiation 
parameter such as the irradiation dose, the ions flux and the energy of incidence of the He 
ions. The role of He ions irradiation dose had been studied by varying the irradiation time 
for each sample. A formation of surface pinholes and nano-dots structure appears to be 
the very early stage of fuzz formation. In response to the increase in He ions irradiation 
dosage, these surface features evolved progressively to form what it appears to be an 
expanded surface holes and taller nano-rods before its further evolution to a W fuzz 
structure. The W fuzz growth rate was found to have a strong ion flux dependence. This 
finding was confirmed in another irradiation experiment where several W samples were 
irradiated for the same ion dose but at different ion fluxes. In this experiment, the W fuzz 
found to grow faster at higher He ion fluxes.  
Although this study can be considered among few to show the W fuzz formation in 





areas that is slightly off the ion beam center. On the other hand the areas that was 
irradiated directly by the core of the ion beam exhibit the formation of a smooth 
nanostructured surface that did not show any tendency to develop fuzz even at higher He 
ions irradiation doses. We believe that the formation of W fuzz on the samples areas that 
surround the spot where the ion beam center is fallen is might be due to some change in 
the ion beam characteristics in that particular area. a plasma envelop around the ion beam 
can be formed due to collisions between the ion beam particles and  the He gaseous 
atoms that are exist in the irradiation chamber at a low vacuum pressure 1.0x10-3 torr. A 
spatial fluctuation of charge density on the target surface during plasma irradiation can 
form a surface weak potential wells which can guide the surface diffused atoms to flow to 
a certain surface spots (spots with higher surface energy due to electrostatic potential) 
and causing them to grow.  
The surface morphology evolution in response to He ions irradiation was also 
studied for Mo and Ta. We found that, Mo surface shows a tendency to form a fuzz-like 
nanostructure when it was exposed to a high flux of He ion beam at 900oC. At these 
conditions, Mo surface susceptibility to form fuzz was found to be less than W surfaces. 
Therefore, the rate of fuzz growth in Mo was found to be much slower than W at the 
same irradiation conditions. Ta surface exposed to a high flux of He ions at 900oC 
showed no tendency to form fuzz-like structure. Instead, a large number of He bubbles 







CHAPTER 8. ROLE OF CARBON IMPURITIES ON THE SURFACE 
MORPHOLOGY EVOLUTION OF W TARGET UNDER HIGH DOSES OF HELIUM 
IRRADIATION 
8.1   Introduction 
Due to its high melting points and low sputtering yield, tungsten was primarily 
selected with beryllium and carbon to serve as plasma-facing component (PFC) in the 
international thermonuclear experimental reactor (ITER)72, 96. During reactor operation, 
PFC materials will be exposed to high flux of energetic particles along with high heat 
loads. These extreme conditions promote a considerable erosion of the PFC due to 
sputtering and thermal evaporation72, 96. Ultimately most of these eroded atoms are to be 
deposited or implanted in the diverter materials72, 97, 98. Tungsten is the material selected 
for future diverter target plates and beryllium is selected for first wall components where 
a high risk of contamination and plasma induced mixing are present96, 98. Several research 
groups around the world are extensively working to understand the plasma induced 
mixing of several systems such as W-C99, 100, W-Be, and W-Be-C,98 most of these studies 
concentrate on fundamental issues such as: 
(i)- The chemical behavior and transport of implanted impurities and their impact on 
the original physical properties of PFC (especially tungsten) 99-105. 






(iii)- The effect of the implanted impurities on the development of the microstructure 
and the surface morphology of He and D plasma irradiated PFC63, 65, 66, 69, 71, 78, 88, 
111-113. 
Most of these studies were based on either simulation results or experimental procedures 
where conditions relevant to a magnetically confined fusion device had been considered. 
The work presented in this chapter will mainly be concentrated on W-C intermixing in 
future fusion devices. The major motivation for selecting the W-C system is to continue 
the extensive efforts that have been done by others as described in the following few 
paragraphs.  
In 1991 W. Eckstein and J. Roth 102 found that the sputtering yield of tungsten 
bombarded by carbon ions at room temperature was dramatically decreased with carbon 
dose at certain angles. In fact it was found that, the presence of carbon on the W surface 
reduces the weight loss of W due to sputtering 102. This observation encourages several 
other groups to work on this topic. In a continuation of the work done in 1991, Eckstein 
et al. readdressed the same phenomena at higher temperature through several other 
publications103, 105. It was noticed that the enhanced diffusion of carbon at high 
temperature played a significant role in modifying the results primarily observed in the 
case of room temperature bombardment105. The temperature has a strong effect on the 
range distribution of carbon in W. At higher temperature, carbon atoms are expected to 
travel more in depth of the W sample as a results of the increase of the diffusion 
coefficient of carbon in tungsten100, 103, 105. Thus, by decreasing the carbon concentration 





temperature.  Although W bombardment by carbon experiments was vital to show the 
impact of C-W mixing on changing the original physical properties specially sputtering 
yield of W surface, the experimental condition used by Eckstein and his coworkers102, 103, 
105 was still far from the conditions under which, the W parts of the fusion device diverter 
is operated, where H isotopes and He are certainly dominant with some possible C 
contaminants that might generated from the (nearby) diverter-plasma striking plates. This 
later part was primarily suggested to be made of a special grade of graphite (CFC) before 
it was replaced by W. Although currently there is no intention to use the CFC as a PFC in 
the ITER (according to the updated ITER design)114, still the existence of carbon 
contamination in any fusion device’s plasma chamber is always a possible scenario.   
 More practical experimental setup was designed by Ueda et al.99, 100, 115, where the 
tungsten sample was bombarded by hydrogen ions with a tiny percentage of carbon ions 
(~1%), their results shows that, even at this small percentage of carbon contamination, 
the carbon concentration at the surface was dominant after a dose of about 3x1024 ion/m2 
and at W surface temperature of 650oC. They also found that a major part of the surface 
carbon was in a form of tungsten carbide (WC)100. WC is a very hard and brittle material 
and hence, its presence on the W surface could lead to degradation in the mechanical and 
thermal properties of the W parts. Similar carbon depth distribution was also obtained by 
simulation using ITMC-DYN models116, 117. It was found that temperature has a big 
influence on the chemical state of carbon in W substrate. In fact, the presence of carbon 
in the form of WC was favorable at higher temperature (above 700K)104, and hence, 
unreacted carbon was found only near the surface were the atomic concentration of 





contaminant of the ITER’s W diverter, and its presence on the W surface is not limited to 
the negative impact on the mechanical and thermal properties of the W. Actually carbon 
is expected to play more important role in other vital issues such as the evolution of the 
W surface morphology during plasma exposure98 and the impact of carbon on the 
hydrogen isotopes retention of the W PFC106, 107.   
Tungsten surface morphology is also another vital factor need to be taken into 
account when considering safe and steady state operation of fusion devices. It had been 
widely reported that a formation of fine and brittle nanostructure (Fuzz) of W at the 
surface after the exposure to high doses of low energy He ions or plasmas at elevated 
temperature63, 65, 66, 78. The presence of such fragile structure represents a serious threat 
for the durability of the confined plasma. In fact, the introduction of small percentage of a 
high Z material such as tungsten to the confined D-T plasma will lead to an immediate 
plasma cooling (quench) due to radiation energy losses. This scenario is expected if the 
extremely fragile tungsten fuzz structure washed out into the confined plasma during 
abnormal events such as plasma instability74, 97. Presence of carbon contaminants at W 
surface was found to be helpful in reducing the ability of the W surface to develop such 
structures78, 118.  
Though extensive studies have been reported on W-C system, still the effect of PFC 
intermixing during plasma exposure on the original physical properties of PFC are not 
well understood. Moreover the underlying physics of the W nanostructure (Fuzz) 
formation during He plasma exposure are still unclear. Further investigations have to be 





the role of a small percentage of carbon impurities (within the He ion beam) on the W 
surface response to a high dose of He irradiation. The response of the W surface during 
He irradiation with various carbon concentrations will be shown and discussed in details.      
 
8.2   Experimental setup 
Multiple pure (99.95%) W sheets (0.5 mm thick) were cut and mechanically 
polished to a mirror like surface finish. After that, each sample was inserted into our 
irradiation chamber. Prior to He irradiation, each sample were sputter cleaned by a high 
flux of 1 keV Ar+ ions for around (0.5 to 1 min) at room temperature. After that the 
temperature of the sample was increased to 900oC and then irradiated by a high flux of 
300 eV He ions with various carbon concentration for each sample. The variation of the 
ion beam composition had been achieved by varying the concentration of the gas mixture 
(He and CH4) fed into the irradiation ion gun. Both Ar and He irradiation were done 
using our KRI-KDC-10 ion source that attached to our irradiation chamber. The 
experimental work of this study had been performed in the IMPACT laboratory in the 
center of materials under extreme condition at Purdue University. Our irradiation 
chamber has a base pressure of 2x10-9 torr and the chamber pressure during irradiation 
was set on 1x10-3 torr. A cases of five different ion beam composition were investigated 
in this study. The first case was irradiation the W sample by a pure He ion beam. The 
second sample was irradiated by a He ion beam (97.5% He+) mixed with 0.5% of C+ and 
2% of H+ ions. The third sample was bombarded by an ion beam composed of 99.75% 





reduced more for the fourth sample. This sample was irradiated by He ion beam 
composed of 99.95% He, 0.01%C and 0.04% H+ ions. The last sample were irradiated by 
300 eV of pure H+ ions. The surface composition of each irradiated sample was observed 
by XPS. The surface morphology of the irradiated sample surfaces were evaluated by 
scanning electron microscopy. 
 
8.3   Results and discussion 
Several pure W samples were irradiated by He ion beam with various carbon 
compositions. Five sets of experiment have been performed and their results is presented 
in the following sections: 
 
8.3.1   Pure He irradiation 
The first sample was irradiated by a pure He ion beam which is considered as a 
control sample. The main change that can be visually noticed on the sample surface after 
a pure He irradiation is the surface darkening. The sample surface tend to change to dark 
or black color in response to the change in the surface optical properties due to the 
formation of very fine nanostructure like the W fuzz. The surface darkening in our He 
irradiated sample can be observed easily by comparing the sample before and after He 
irradiation as shown in figure 8.1. The sample surface shows a dark or black area 
surrounding a relatively brighter area at the sample center. The reason behind this color 
variation is the variation in the type of the surface nanostructures formed in these two 





covered by W fuzz while a finer nanostructure was found to be formed in the brighter 
area.   
 
Figure 8.1. Photo images of the non-irradiated pure W sample (left) and a pure W sample 
irradiated by 300 eV of pure He ion beam for a total ions fluence of about 1.0x1025 
ion/m2 in the sample center (right)  
 
The chemical composition of the sample surface after irradiation was measured by 
XPS. The XPS spectrum of the irradiated surface shows a typical pure W spectrum. The 
wide XPS survey (shown in Figure 8.2-a) shows only W peaks in addition to a weak 
oxygen peak. We believe that the presence of oxygen on the sample surface is due to 
water adsorption that might be occurred in the vacuum chamber after the He irradiation 
process. This fact was confirmed by the absence of W oxide peaks in the high resolution 
XPS spectrum of the W4f region presented in figure 8.2-b. As it can be seen clearly in 
this figure, only three peaks represent the pure state of W were found. W 4f 7/2 peak was 
found to be situated at 31.4 eV, W 4f 5/2 was found to be positioned at 33.58 eV. The shift 





and the position of the W 4f 7/2 peak were found to be in agreement with the most 
accepted peaks positions in literature that represent the pure state of W. The third small 
peak on the higher energy side of the W 4f doublet is also representing the pure state of 
W5p level. 
 
Figure 8.2. XPS of the sample irradiated by pure He ion beam. XPS full spectrum a), and 
high resolution XPS spectrum for the W 4f region b) 
 
The surface structure of the irradiated sample was observed using SEM. As 
mentioned earlier, W fuzz was formed on the sample surface after a dose of (1.0x1025 
ion/m2) of He irradiation. Figure 8.3 shows SEM image of the irradiated surface (in the 
dark region). As it can be seen clearly in this figure a very fine nano-rods of W were 
formed on the surface. This surface morphology evolution in response to the pure He 
irradiation at elevated temperature is expected and found to be in agreement with many 
other similar studies. The reason behind the formation of this nanostructure was justified 
by many different hypotheses 63, 65, 66, 74, 78, 80, 119. Some of these hypotheses are discussed 





formation of He bubbles beneath the W target surface during the irradiation process plays 
a significant role in the W fuzz formation. The growth and the coalescence of these He 
bubbles can significantly reshape the exposed surface and subsurface regions.      
 
Figure 8.3. SEM image of the nanostructure (Fuzz) covering the W sample surface (dark 
region), the sample was irradiated by pure He ions (dose= 1.0x1025 ion/m2) at 900oC 
 
8.3.2   He ion beam irradiation with 0.5% C ions 
The next step is to introduce a small percentage of carbon ions into the He ion beam 
and test the W surface evolution after exposure to this mixed ion beam. Primarily, we 
have introduce about 0.5% carbon into our pure He ion beam. A new W sample was 
irradiated by this mixed ion beam for a total dosage of 1.0x1025 ion/m2.  Shortly after the 
irradiation started a visible carbon layer was developing on the sample surface. This 
carbon layer was noticed to be increasingly darkened over the course of bombardment. 





composition was measured by XPS as shown in Figure 8.4. The wide XPS survey shown 
in figure 8.4-a shows that the sample surface was fully covered with pure carbon. The 
C1s region was scanned by high resolution XPS (shown in figure 4-b) shows a carbon 1s 
peak situated at 284.5 eV. This peak position emphasizes that the carbon layer was in a 
graphitic form.  
 
Figure 8.4. XPS of the sample irradiated by 97.5% He, 0.5% C and 2% H ion beam. XPS 
full spectrum a), and high resolution XPS spectrum for the C1s region b). 
 
Upon removing the sample from the vacuum chamber, some of the carbon layer that 
was covering the sample surface was stripped without any physical intervention. The 
reason behind this unplanned and uncontrolled film removal might be due to pockets of 
low pressure He gas trapped beneath the carbon film. The carbon film above these 
pockets might be collapsed due to the atmospheric pressure. Figure 8.5, shows a photo of 
the sample after the film removal. As it can be seen in this figure, the carbon film 






Figure 8.5. Photo images of the W sample irradiated by 300 eV of mixed He ion beam 
(97.5% He, 2% H and 0.5% C) for a total ions fluence of about 1.0x1025 ion/m2 in the 
sample center. Part of the surface carbon coat was stripped (bright areas) 
 
The partial removal of the carbon film from the sample surface allows a good 
opportunity to measure the composition of the original sample surface beneath the 
removed carbon film. Also it gave us a good opportunity to have an idea about the 
morphology evolution of the W surface beneath the carbon film. So that the sample was 
returned back to the vacuum chamber for more XPS study of the stripped area. Due to the 
fact that the stripped area is small and it represent a small fraction of the entire sample 
surface, a special measures has to be taken into account in order to precisely select this 
small area for the XPS data acquisition. Hence, an XPS image of the surface was taken. 
The XPS image gave us a freedom to precisely choose any part of the surface for further 





for the same area are shown in Figure 8.6. The XPS image is resolving the surface based 
on the photoelectric signal from W 4f region (B.E. =31 eV), therefore, the brighter the 
area is the stronger W signal. As it can be seen in figure 8.6. The stripped area in the 
photo image is exactly matching with the brighter area in the XPS image. 
 
Figure 8.6. XPS image of the sample stripped area (left) and its corresponding photo 
image (right)He ion beam for a total ions fluence of about 1.0x1025 ion/m2 in the sample 
center (right). This W sample was irradiated by 300 eV of mixed He ion beam (97.5% 
He, 2% H and 0.5% C) for a total ions fluence of about 1.0x1025 ion/m2 in the sample 
center 
 
Further XPS data was collected from a surface spot in the middle of the bright region 
in the XPS image. The collected XPS spectra is shown in Figure 8.7. The wide XPS 
survey presented in figure 8.7-a shows the coexistence of both C and W in the sample 
stripped area. Although the W signal is strong, the surface carbon composition still 
dominant with more than 90 at % concentration compared to a less than 10% of W exist 





8.7-b shows that the surface W was completely in a form of WC. The WC 4f 7/2 peak was 
found to be situated at 32.2 eV. 
 
Figure 8.7. The XPS spectra of the stripped area described in figure 8.6 
 
The irradiated sample surface was examined by SEM. Figure 8.8 shows several SEM 
images of the sample surface taken at various magnifications. Figure 8.8-a shows a low 
magnification SEM image of the sample surface where part of the stripped area can be 
seen. The darker the area is the thicker carbon coated and while the brightest one is the 
fully stripped area. Another higher magnification SEM image for the stripped area around 
the sample center is shown in figure 8.8-b. This image shows that the carbon film was 
actually a stack of multiple thin carbon films stacking on the top of each other. The 
brighter part of the image shows the fully stripped area where the original W surface can 
be seen. A higher magnification images of this fully stripped area is shown in figure 8.8-c 
and d. As it can be seen in these images, the sample surface was severely modified 
(roughened) but the surface scratches originated during the sample surface preparing 





most likely due to some residual pure carbon partial coverage supported by a thick layer 
of WC carbide formed beneath it. The main conclusion out of this experiment is that 
existence of pure carbon on the sample surface prevented the formation of W fuzz on the 
W sample surface. Also we learned that this percentage of carbon impurity within the He 
ion beam is very high. Our next step is to repeat the experiment with much lower carbon 
percentage.  
 
Figure 8.8. SEM images of the W sample surface irradiated by 97.5% He, 0.5% C and 
2% H ion beam at 900oC. Low magnification of the sample center showing the stripped 
area a).  Higher magnification image of the stripped rea showing the layers of carbon 
films formed on the target during irradiation b). Images of the completely stripped area 





8.3.3   He ion beam irradiation with 0.05% C ions 
A newly prepared sample was irradiated by a mixed He ion beam composed of 
99.75% He, 0.2 H and 0.05% C. Similar to the previous irradiation cases, the ion beam 
flux at the beam center was 3.2x1020 ion/m2s and the irradiation was carried for 9 hours 
reaching a total ion dosage at the sample center of about 1.0x1025 ion/m2 .The main 
observation we noticed after the irradiation is done is that the sample surface shows no 
change in its visible appearance. Unlike the cases of the pure He irradiation where the 
sample surface darkened by the formation of fuzzy layer and the other high carbon 
percentage irradiation case where the surface was darkened by a formation of thick 
carbon film. This time the surface after irradiation was still has a bright metallic 
appearance.  The chemical composition of the sample surface after the irradiation was 
measured by XPS. A wide XPS survey for the irradiated sample (not presented) shows a 
typical W peaks with a little carbon peak without any other contaminants. The total 
carbon composition of the sample surface was found to be around 20%. More careful 
look into the C1s and W4f of XPS spectral regions are presented in Figure 8.9. The C1s 
region shown in figure 8.9-a shows a presence of the carbon in the surface. The carbon 
peak in this region was found to be positioned at 283.2 eV. This peak position represent 
the most accepted peak position value for the carbon in the form of WC.  This finding 
emphasize that most of the carbon exist on the sample surface was actually in WC phase. 
Another shorter peak was needed to fit the higher binding energy side of the prominent 
WC peak as can be seen in Figure 8.9-a. this peak was found to be situated at 284.5 
which represent the graphitic form of carbon. Thus, the XPS data in the C1s region shows 





part (37%) was still in pure carbon (graphitic) phase. On the other hand, the W 4f region 
(figure 9-b) shows the coexistence of the W in a pure phase as well as in the carbide 
(WC) phase. Here, the presence of WC phase in the W 4f region confirm our finding in 
the C1s region. 
 
 
Figure 8.9. XPS of the sample irradiated by 99.75% He, 0.05% C and 0.2% H ion beam. 
High resolution XPS spectrum for the C1s region a) and high resolution XPS spectrum 
for the W 4f region b) 
 
The surface morphology of the irradiated sample was observed by SEM. It can be 
seen in figure 8.10, that sample surface after irradiation was remarkably smooth without 
any distinctive features. This finding also confirm our previous observation of no visible 
surface darkening was seen after irradiation. The reason behind the observed mitigation 






Figure 8.10. SEM images of the sample surface irradiated by 99.75% He, 0.05% C and 
0.2% H ion beam  
 
8.3.4   He ion beam irradiation with 0.01% C ions 
The next W sample was irradiated by He ion beam with even lower carbon content. 
The goal of performing this irradiation is to see how the surface respond to less carbon. 
This sample was also irradiated at 900o C and by similar ion beam flux for a similar ion 
fluence. The general appearance of the sample surface after irradiation shows no change 
in color similar to what we observed in the previous irradiation at higher carbon content. 
The sample surface composition after the irradiation process was measured by XPS. The 
wide XPS survey of the irradiated sample surface shows a typical pure W peaks with a 
very minor carbon peak. The total surface carbon composition was found to be less than 
10%. More careful look into the C1s and the W4f regions are presented in figure 8.11. 
The XPS C1s region presented in figure 8.11-a shows a minor presence of carbon in a 





the presence of WC peaks along with Pure W peaks in the W4f region as presented in 
figure 8.11-b.  
 
Figure 8.11. XPS of the sample irradiated by 99.95% He, 0.01% C and 0.04% H ion 
beam. High resolution XPS spectrum for the C1s region a) and high resolution XPS 
spectrum for the W 4f region b) 
 
The SEM images of the irradiated surface shows very interesting phenomena as 
presented in figure 8.12. The vast majority of the irradiated surface shows a very good 
immunity for the fuzz formation. Only the W fuzz appear to grow in a very limited and 
isolated area on the sample surface (fuzz islands). These fuzz islands were found to be 
randomly dispersed on the sample surface with a very big variation in size and fuzz 
thickness. Figure 8.12-a and b show an example for the vast majority of the sample 
surface where no W fuzz was able to form. As it can be seen in these images, the surface 






Figure 8.12. SEM images of the sample surface irradiated by 99.95% He, 0.01% C and 
0.04% H ion beam. a) and b) show an example for the clear area in two different 
magnifications  
 
Images of some fuzzy islands is shown in Figure 8.13. As it can be seen in this 
figure, the fuzzy island appear to grow in a very limited area and surrounded by a smooth 
surface region (figure 8.13-a). Higher magnification SEM image of the W structure in 
these fuzzy islands is shown in figure 8.13-b. As it can be seen in this figure, the structure 
appears to be very fine and dense. Similar structures were widely reported to form on a 






Figure 8.13. SEM images of the sample surface irradiated by 99.95% He, 0.01% C and 
0.04% H ion beam. These images shows one example of the W fuzz that found to be 
formed on a limited areas of the sample surface a). A higher magnification SEM image of 
the W fuzz found on the surface after the irradiation process b) 
 
It worth to mention that not all of the fuzzy islands are having the same 
characteristics. Some of these islands are very thin and short (having short nano-fibers). 
Figure 8.14 is showing some example for different fuzzy islands. The SEM image in 
figure 8.14-a shows a region of the surface were the W fuzz was barely able to grow. In 
such regions, the surface exhibit the formation of dispersed very short nano-rods of W 
that grow above the surface as shown in figure 8.14-a. Other fuzzy island were appear to 






Figure 8.14. SEM images of the sample surface irradiated by 99.95% He, 0.01% C and 
0.04% H ion beam. These images shows examples of the different W fuzz regions that 
found to be formed on a limited areas of the sample surface 
 
Cross-sectional SEM image was made for one of the thick fuzzy islands to take a 
closer look at the surface beneath the fuzz. The first we observed that the fuzz thickness 
in this island reached a peak value of more than 10 μm. All of this massive structure was 
found to be forming and growing completely above the sample surface as shown in figure 
8.15-a. closer look on the surface beneath the fuzz is presented in the higher 
magnification SEM image shown in figure 8.15-b. as can be seen in this image, the 









Figure 8.15. SEM images of the sample surface irradiated by 99.95% He, 0.01% C and 
0.04% H ion beam. a) and b) show x-sectional SEM of one selected fuzzy island in two 
different magnifications 
  
Beside all of different surface phenomena that we mentioned in this case of low 
carbon content He ion beam irradiation, in some limited areas, the surface also exhibit the 
formation of very long W nanoscopic fibers (nanowires) that it tend to grow horizontally 
on the sample surface. These W nanowires were found to be always attached to the fuzz 
covered areas. Most of these nanowires were found to be branched into several nanowires 
which altogether create what appears to be a network of nanowires covering the sample 
surface as it can be seen in figure 16. The reason behind the formation of such nanowires 
under these conditions of He ions irradiation is still puzzling. We believe that these 
nanowires is most likely formed due to the same mechanism of fuzz formation. One 
difference might be the fuzz root density. In the case of pure He irradiation, large number 
of W nano-rods was found to be evolved above the surface with a high areal density 
coverage. Due to the high number of these growing features, the rate of W atoms 





average height of these growing parts of the surface will be low.  On the other hand, 
considering much lower number of growing surface spots will results in high rate of 
growth and very long nano-fibers formation. In fact, the areal density dependence of the 
nano-rods length can be observed easily by comparing  areal density of the nano-rods in 
thick fuzz islands (seen in the x-sectional SEM image presented in figure 8.15-c) to the 
areal density of the nano-rods that was formed in the case of pure He irradiation 
(presented in Figure 8.3). The factor that dictates the areal density and the distribution of 
the growing surface spots is still not well understood. As mentioned in chapter 7, this 
factor could be related to the surface charge distribution during the irradiation process. A 
change in the electrical properties of the surface will result in a drastic change of the 
surface charge distribution during irradiation. Therefore, this change might alter the 
patterns of growth or even mitigate it completely. This however, needs further detailed 
studies. The presence of carbon carbide or graphite on the surface could mitigate the W-
fuzz formation through such mechanism. In the case of very low carbon contamination, 
in some parts of the surface, the thickness of the formed carbide layer might be not thick 
enough to mitigate the W-fuzz formation completely. Instead, it might alter the surface 
charge distribution resulting in less areal density of the W growing features and therefore 






Figure 8.16. SEM image of the long W nanowires that was found on the sample surface 
after irradiation by 99.95% He+, 0.01% C+ and 0.04% H+ ion beam 
 
As final notes on this discussion, the concept of surface charge spatial fluctuation 
during ions irradiation is hard to prove experimentally due to the nanoscopic nature of 
this fluctuation. On the other hand, the classical common idea of uniform surface charge 
distribution in response to ions or electrons irradiation is also need to be investigated 





regarding possible variation of surface charge density. For example the formation of a 
well-ordered nanostructure as a result of ion beam interaction with various material 
surfaces is still not understood nor justified. The suggested spatial fluctuation in charge 
density on a surface during ions or electron irradiation can be highly ordered due to the 
electrostatic forces and hence it gives an explanation for all of surface phenomena that 
are related to ion beam or plasma irradiation.  
 
8.3.5   Pure H ion beam irradiation 
W sample was also irradiated by a pure H ion beam. The goal of performing this 
irradiation is to check whether the small percentage of the H in our previous irradiation 
will have any significance in terms of W surface morphology evolution. The H ion beam 
used in this sample irradiation experiment has a maximum flux at the beam center 
(sample center) of about 1.0x1021 ion/m2s. The irradiation was carried for 1x104 s giving 
a total H ion irradiation dosage of about 1x1025 ion/m2 at the sample center.   
The post-irradiation XPS measurement (not shown) shows nothing but a typical pure W 
sample with no contaminations. The sample also did not show any change in its physical 
appearance after the irradiation process. The post-irradiated surface was appear to have 
its original bright metallic finish without any darkening or discoloration.  
SEM images of the irradiated surface at two different magnifications is shown in 
figure 8.17. As it can be seen clearly in figure 8.17-a, most of the sample surface was 
found to be clear with no distinctive features such as surface pinholes of blistering. Only 





rippled structure as shown in figure 8.17-b. This distinctive structure was found to be 
very frequent in many areas on the sample surface. This formation of this distinctive 
structure is most likely crystal orientation dependent.        
 
Figure 8.17. SEM images of the sample surface irradiated by pure H+ ion beam. a) 
through d) show the post irradiation surface features in various magnifications 
 
8.4   Conclusions 
Several tungsten samples were irradiated by He ion beam with a various carbon ions 
percentage. The W surface irradiated by pure He ion beam at elevated temperature 
exhibit the formation of wide spread W nano-fibers or fuzz. This phenomena of He 
irradiation induced fuzz formation is seems to be totally prevented by the presence of 
carbon contamination within the He ion beam. We found that, a thick graphitic like 
carbon layer was formed on a W sample surface after irradiation He ion beam mixed with 
0.5% of carbon ions at 900oC. The formation of such layer prevented the formation of W 





one order of magnitude (0.05% C) was also seen to be effective in preventing the fuzz 
formation. In this case of lower carbon content ion beam irradiation, much lower carbon 
composition residue on the sample surface and therefore, the formation of WC on the 
surface was the effective cause for W fuzz prevention. The effect of W fuzz prevention 
by WC formation on the sample surface was more obvious when the sample bombarded 
by He ion beam with even much lower carbon ions content (0.01% C). In this case, the 
fuzz formation was found to be prevented on the vast majority of the W sample surface. 
In this case also, W fuzz was found to be formed in limited and isolated areas dispersed 
randomly on the sample surface (fuzzy islands). W fuzz structure in these fuzz covered 
areas was found to be thick in some areas and thin in others. Also we have noticed a 
formation of very long W nano-fibers that appears to grow horizontally on the sample 
surface. W surface shows a very good resistance to morphology evolution when 
bombarded by high flux of pure H ions at 900oC. In this case, the vast majority of the 
bombarded surface shows no changes after irradiation while a formation of a self-
organized rippled structure appears to form in a very small and dispersed areas on the 








CHAPTER NINE: CONCLUSIONS AND RECOMMENDATIONS 
In this thesis, some of the fundamental studies of radiation induced surface 
modification and contamination have been carried out in the contest of EUV lithography 
and nuclear fusion applications. Our initial studies started with investigating EUV 
induced surface contamination of Ru mirrors of the optical collection system in EUV 
lithography devices. Therefore, the change in chemical properties on the sputter cleaned 
Ru surface during exposure to a 13.5 nm wavelength of EUV light radiation and its 
temporal evolution were investigated in detail. The contamination of the Ru mirror 
surface was found to be caused by the interaction between the residual impurities of the 
test chamber and the EUV radiation. The change in chemical composition on the Ru 
mirror surface during the course of EUV irradiation was examined by XPS. The EUV 
reflectivity of the irradiated surface during the EUV light exposure was monitored in real 
time.  Detailed XPS analyses show adsorption mediated sudden increase in water 
molecules and other contaminants on the surface followed by suppression of the Ru 3d5/2 
peak intensity by exposing the sputter cleaned Ru surface to EUV radiation. The slow 
decrease in H2O concentration after 30 min is explained by the EUV assisted dissociation 
of water molecules. In addition, the rapid increase in carbon concentration up to 22 % 
during the first one hour is explained in terms of adsorption of hydrocarbons at mirror 





3d5/2 peak intensity in the following hours is addressed on the ground of accumulation of 
free carbon on the Ru mirror surface via dissociation of hydrocarbons. In fact, the linear 
reduction of the Ru 3d5/2 peak intensity was used to estimate the thickness of the carbon 
layer, which was calculated to be of 0.26 nm. Moreover, the variation in RuO2 
concentration is further discussed in view of a competition between water adsorption and 
dissociation in presence of EUV radiation. All of these chemical changes were found to 
contribute to about 10 % decrease in EUVR of the Ru mirror after 6 hours of EUV 
radiation at a grazing angle of ~15o. For studying carbon and related contamination 
issues, most of the previous studies used external hydrocarbon injection into the test 
chamber.   The analysis showed that the impurities present in the mildly baked chamber 
affect the surface properties of reflecting mirrors and hence change in EUV reflectivity 
with time.   
The mechanism by which the EUV radiation can alter the chemical composition of 
the mirror surface is known to splatted in two main mechanisms. The first one is the 
direct intervention of EUV photons by breaking the intermolecular bonds of the 
contaminants molecules. The second mechanism is involving the effect of the secondary 
electrons to do the same role.  
Due to the importance of the secondary electrons effect in this contest, the changes in 
chemical composition of the Ru mirror surface during 100 eV electron bombardments 
have been studied using XPS. The contamination at the mirror surface was also caused by 
the residual impurities, especially hydrocarbons in a mildly baked chamber. Detailed 





dissociation of water molecules. Moreover, a rapid increase in carbon concentration up to 
18 % during the first one hour is explained on the ground of adsorption of hydrocarbons 
at mirror surface, while slow but linear increase in carbon concentration was due to 
deposition of free carbon atoms via electron-assisted dissociation of residual 
hydrocarbons. Accumulated carbon layer thickness was calculated to be of about 2.5 Å 
with a deposition rate of about 0.34 Å/hr. Moreover, the variation in RuO2 concentration 
was found to be approximately similar to that for pure Ru, but Ru+4/Ru0 line intensity 
ratio denotes minor oxidation of the Ru mirror surface during electrons bombardment. 
However, grazing angle EUVR of the Ru surface was not found to be insignificant during 
the 510 min of electrons bombardment.  
Although the results obtained by these two studies was useful to understand the 
mechanisms in which the surface composition can be altered during the EUV exposure, 
many vital details about the gradual transformation of the adsorbed hydrocarbon 
molecules to carbon rich solid contaminant layer. These important information was 
hidden beneath the photoelectron signal interference between the Ru3d lines and the C1s 
line. For this reason we insisted to watch this transformation during the EUV irradiation 
by changing the target materials to Au.  
Due to this reason, the changes in surface properties of an Au surface in a high 
vacuum atmosphere during EUV exposure have been studied. The changes in surface 
properties were monitored by recording high resolution XPS spectra of O 1s, C 1s and Au 
4f regions.  The total carbon (C 1s) peak area intensity was found to be increased by 





reveals that C-H peak intensity showed a higher rate of increase in the first 60 min of 
EUV radiation, followed by the attainment of an equilibrium condition up to the end of 
the experiment. This behavior was explained in terms of accumulation of carbon in the 
form of hydrocarbons. The C-C line intensity was, however, increased with relatively 
lower rate compare to C-H in the first 60 min of EUV irradiation, but it was found to be 
increased linearly at a lower rate in the later time. The linear increase in C-C peak 
intensity after 60 min has been explained in the light of an accumulation of graphitic 
carbon on Au due to EUV-assisted dissociation of adsorbed hydrocarbons.  
Further analysis of the Au 4f region revealed the formation of Au-O, which 
increased continuously as a function of EUV exposure until it arrived to its maximum 
within 200 and 300 minutes.  The observed variation in Au-O peak intensity was again 
confirmed by analyzing the O 1s region. Based on the XPS results, we can therefore 
conclude that sputter cleaned Au surface can be oxidized during EUV radiation in the 
presence of residual water molecules in a high-vacuum chamber, where the free O atoms 
originated via EUV-induced dissociation of water molecules. However, the reduction of 
the Au-O bonds becomes dominant above 200 min of EUV exposure due to a shortage in 
free O atoms, and the accumulation of reactive species (such as carbon and carbon-
related species) with increasing EUV exposure. 
One of the most important finding we observed during the last studies is that, the 
adsorption process is the very early stage of the EUV induced contamination process. 
Therefore, the rate of adsorption on the irradiated surface always govern the rate of the 





electron irradiation on the kinetics of the adsorption process, we investigated the impact 
of 100 eV electron beam on the physisorption of hydrocarbons and water molecules on 
Au surfaces. Our results showed a noticeable accumulation of H2O and hydrocarbons 
contaminants on the top of clean Au mirror in high vacuum atmosphere. This 
accumulation was explained by the natural accumulation due to the adsorption process. 
The rate of accumulation of H2O and hydrocarbons on the top of Au surface was 
increased significantly when the surface was bombarded by 100 eV electrons. The 
observed increase in adsorption rate was proportional to the electron beam current. This 
phenomenon of enhanced physical adsorption due to electron bombardment was 
explained by the enhancement of the sticking coefficient due to the formation of temporal 
electrostatic force between the adsorbed molecules and the bombarded surface. Also we 
noticed a decrease in the activation energy for desorption of the adsorbates. This decrease 
is most likely occurs due to the SE induced dissociation of larger molecules into smaller 
fragments, where less energy is required to desorb back to the gaseous phase.  
In order to mitigate the electron induced enhanced adsorption of molecules, 
especially H2O and hydrocarbons, we used biasing of the top mirror surface to suppress 
the surface SE emission generated during the EUV-surface interaction. Biasing the Ru 
mirror surface positively by 200 V was found to be useful to cut off more than 99 % of 
the emitted electrons. On the other hand, we found that the positive biasing of Au surface 
does not have any influence on the rate of contaminants adsorption on the Au surface in 
high vacuum atmosphere. More research still needs to be conducted in order to 





As a second part of this thesis research topic, we studied the impact of intense dose 
of He ions irradiation on W material. The main goal of performing these studies is to 
investigate the surface morphology evolution of the W surface exposed to high flux of He 
ion irradiation. Our first investigation attempted to understand the basic parameters under 
which these interesting phenomena occurs. For this reason, a series of pure W samples 
were irradiated by high fluxes of low energy He+ ions for high doses at 900oC. The 
phenomenon of He ions induced fuzz formation was the most prominent observation that 
has been noticed in most of the irradiation cases. Several attempts have been made to 
understand this phenomenon by varying many irradiation parameter such as the 
irradiation dose, the ions flux and the energy of incidence of the He ions. The role of He 
ions irradiation dose had been studied by varying the irradiation time for each sample. A 
formation of surface pinholes and nano-dots structure appears to be the very early stage 
of fuzz formation. In response to the increase in He ions irradiation dosage, these surface 
features evolved progressively to form what it appears to be an expanded surface holes 
and taller nano-rods before its further evolution to a W fuzz structure. The W fuzz growth 
rate was found to have a strong ion flux dependence. This finding was confirmed in 
another irradiation experiment where several W samples were irradiated for the same ion 
dose but at different ion fluxes. In this experiment, the W fuzz found to grow faster at 
higher He ion fluxes.  
Although this study can be considered among few to show the W fuzz formation in 
response to ion beam irradiation, the W fuzz formed on the irradiated sample surface 
areas that is slightly off the ion beam center. On the other hand the areas that was 





nanostructured surface that did not show any tendency to develop fuzz even at higher He 
ions irradiation doses. We believe that the formation of W fuzz on the samples areas that 
surround the spot where the ion beam center is fallen is might be due to some change in 
the ion beam characteristics in that particular area. a plasma envelop around the ion beam 
can be formed due to collisions between the ion beam particles and  the He gaseous 
atoms that are exist in the irradiation chamber at a low vacuum pressure 1.0x10-3 torr. A 
spatial fluctuation of charge density on the target surface during plasma irradiation can 
form a surface weak potential wells which can guide the surface diffused atoms to flow to 
a certain surface spots (spots with higher surface energy due to electrostatic potential) 
and causing them to grow.  
The surface morphology evolution in response to He ions irradiation was also 
studied for Mo and Ta. We found that, Mo surface shows a tendency to form a fuzz-like 
nanostructure when it was exposed to a high flux of He ion beam at 900oC. At these 
conditions, Mo surface susceptibility to form fuzz was found to be less than W surfaces. 
Therefore, the rate of fuzz growth in Mo was found to be much slower than W at the 
same irradiation conditions. Ta surface exposed to a high flux of He ions at 900oC 
showed no tendency to form fuzz-like structure. Instead, a large number of He bubbles 
and surface holes was found to be occupying a large fraction of the Ta irradiated surface. 
Our next investigation aimed to study the effect of carbon contaminations on the 
surface phenomena observed in our previous study. For that reason several tungsten 
samples were irradiated by He ion beam with a various carbon ions percentage. The W 





wide spread W nano-fibers or fuzz. This phenomena of He irradiation induced fuzz 
formation is seems to be totally prevented by the presence of carbon contamination 
within the He ion beam. We found that, a thick graphitic like carbon layer was formed on 
a W sample surface after irradiation He ion beam mixed with 0.5% of carbon ions at 
900oC. The formation of such layer prevented the formation of W fuzz on the sample 
surface. Lowering the carbon ion percentage in the He ion beam by one order of 
magnitude (0.05% C) was also seen to be effective in preventing the fuzz formation. In 
this case of lower carbon content ion beam irradiation, much lower carbon composition 
residue on the sample surface and therefore, the formation of WC on the surface was the 
effective cause for W fuzz prevention. The effect of W fuzz prevention by WC formation 
on the sample surface was more obvious when the sample bombarded by He ion beam 
with even much lower carbon ions content (0.01% C). In this case, the fuzz formation 
was found to be prevented on the vast majority of the W sample surface. In this case also, 
W fuzz was found to be formed in limited and isolated areas dispersed randomly on the 
sample surface (fuzzy islands). W fuzz structure in these fuzz covered areas was found to 
be thick in some areas and thin in others. Also we have noticed a formation of very long 
W nano-fibers that appears to grow horizontally on the sample surface. W surface shows 
a very good resistance to morphology evolution when bombarded by high flux of pure H 
ions at 900oC. In this case, the vast majority of the bombarded surface shows no changes 
after irradiation while a formation of a self-organized rippled structure appears to form in 
a very small and dispersed areas on the sample surface.   
Finally, we would like to highlight some important future studies that can add further 





contest of EUV induced surface contamination of the EUV optics in the future EUV 
device, more research has to be done on multi-layer mirrors (MLM) surfaces. We have 
seen the impact of applying positive bias voltage to the Ru mirror in mitigating the 
possible harmful effect of the EUV produced secondary electrons. However, repeating 
the study on Ru capped Si-Mo MLM might reveal some other side effects of this 
suggested technique. Also it will be so useful to study the temporal evolution of the 
surface composition of Ru mirrors under EUV irradiation in the presence of some 
reactive gases in the irradiation chamber as it is being suggested as a possible carbon 
cleaning technique. Low energy H atoms/plasma irradiation of Ru mirrors surface is 
another effective useful technique. However, the effect of H irradiation induced surface 
and internal damage on the MLM is not studied yet. It will be useful to perform SEM and 
TEM investigation to study the impact of H bombardment on the mirror surface 
morphology as well as on the interfaces between the sequential layers in the MLM. 
In the nuclear fusion applications field, many ideas of research can be useful to 
better explains the special surface phenomena that our irradiated samples exhibit. For 
example, retarded field energy analysis of the ion beam used in our He irradiation studies 
might explain the presence of the distinctive surface structures. Also studying the effect 
of other irradiation parameters such as He ions angle of incidence and surface 
temperature might be of great interest. The impact of the carbon impurities on H isotopes 
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